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ABSTRACT,

A series of n‘ev:/ +-azodiphenylcarbinols was“syntheslized by mild
deacetyTation (with methyl lithidm) of the cor}espondfng azoacetates which
in turn, were prepared by reagiTJns of eltherylead tetraacetate or bronnne

with benzophenone monosubstltuted hydrazones The chemwstry of these new -

types of «-azocarbinols was studied in-several aspects. -Firstlx. the

. kinetics of thFmo1ysis of these compounds in <arbon tetracﬁioride and in

[ 2N

benzene solutions are reported, and the mechanism of the decomposition
(radical chain, induced) is discuss The effects of inhibitors on the

decomposition is aiso examined. econd]y, the potential synthet1c applic-

” ability of these compounds is illustrated by the hydroalkylat1on of severa]

, unsaturated compounds. Thirdly, the catalytic role of phenol in the radu- -7

¢al chain reactions is discussed qhalitative]y Fourth]y, the e. s.? spectra

“of n1trox1des, resu1t1ng from the react1ons of these compounds with n1troso-

benzene were obtained at room temperature in degassed benzene solutions.

?

The ay and g values of these nitroxides are reported.

eAnother part of the thesis describes the synthesis and chem1stry
of two new 2- acetoxy 2- methy] -5,5- d1subst1tuted A3-1 3,4-oxadiazolines.’ .
The thermolysws of these oxad1azo]1nes was investigated, both in nitro-:
benzene'and iﬁ benzene'so1utions. The results-of kinetics are presenteds
and a probab1e mechanism of the decompos1tlon, through d1azeny1 radical
1ntermed1ates, is examlned - T )
Radical intermediates are invoﬁved in théﬁéhemistny of these new

Y

azo compounds. a-Azocarbinols decompose by a radical-induced.chain mechanism
%3 - ‘ - 4 -

and their synthetic application involves chain addition. The oxadiazolines

undergo unimolecuiar, homoTytic c]eévage. A review of radical chemistry, - .

ipresented in Chapter I, i§ therefore’ dppropriate.

»

. o i
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. CHAPTER -1

) FREE RADICAL CHEMISTRY]

Introduction .

_—
—

In'the historytof Chemistry,. free radicals have been encountered
since 19003' wevdéfine 3 free radita]~here as an atom, molecule or complex
which conéé;ﬁs one or more _unpaired electrons’” A]though the largest

number of radicals are those with an odd e]ectron assocwated w1th carbon

atoms, ha1ogen a ms and rad1cals with add electrons on oxygen, n1trogen,

pnosphorus, su]phur anc '11con p}ay 1mportant roles in many react1ons

'« This thesws is coneerned only W1th organ1c free radvca]s

. The first authentwcated free,radlcal tr1pheny1nmthy]. was dj§r_¥.
covere%f§/ Gomberg,in 1906:20'More'3nd:hore stab]e rad1ca1s3 were'dis-
covered in the years following Gomberg's inmt1a1 work.

 The ro{evof raoica}S"ae transient intermediates in chemical.
reactions was rapid[y recognized ésva result of Paneth(eaadisc0very af

a method’ of identifying transient radicals. During the 1930'5, radical

'rntermed1ates were proposed for numerous gas- phase reactions by many ’ ¢

cnem1sts Part1cu]ar1y 1mpor%ant Wwas the book by Rice and R1ce, "The

‘ A]1phat1c Free Radlcals" pub]1shed in 1035

/

~ .

B Three s1gn1f1cant pub11catlons appeared in 1937 that might be
‘conswdered to have ]aunched modern free rad1ca1 chem1stry A review
art1c1e by :Hey and Naters6 1nterpreted B number of react1ons as be1ng

7.

’ free rad1cal processes Kharash proposed the present]y—accepted free.

rad1ca] chain mechan1sm for the abnormal _addition of hydrogen.@rom1de to
- 1=

4

N
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alkenes. F]ory8 publ%sheq a brilliant and prescient péﬁ%f.on the kinetics

of vinyl po?ymgr?zation ingterms of a free radical chain reaction.

Since 1937, knowledge of free radical chemistry has increased

at a steady accelerating péce both in industrial and academic laboratories.

1.2 Production of Radicals A

. .

Three genera] methods for the nroductwon of radacaIs are mentwoned

briefly in the fol]ou1ng paragraphs

2. wfheﬁmal Homolysis

At suff1c19nt1j n1gh temperatures, all chem1ca1 bonds u1]1 break

*

tQ form radlcaki, but 1n the temperature range of ord1nary so]ut1on chem1stry,

‘about TS-]SO C,| the bonds that will do so at reasonabie rates are Timited ~

to a feu types, the most conmion of which_ are the peroxy bond and the azo
11nkage 9 Substances that produce radlcals eas1]y in'a thermal ptocess
are designated as.1n1t1ators. Equations [1] to- [3] dep1cted beTows i1-

A

lustrate a few typical examples.

1) (o), - 2%

Tty oty '
C[21 0 ("Buoco,), - 27Buo- + 200,

- 2(CH 3,CCH + ]

[3] C(eny), c(c::)u=uc(cri)(an) 3 )

“The ready deCOmPOSItTOH of peresters and 2zo0 compounds can be

attrvbuted to the formatian of very stab]e products (CO and NZ’ respect1ve1y)

which supp]1es a strong driving force- for the dlssoc1at10n process

R-N*N-R'- T RIH Rl _
) Ol" . .o - ' RCOZEOZRI > 2(',02 + R- .+,FE‘(:£ . -

Al o =
e M DS N

3

s



It is clear that i1ncreasing stobility of R+ (or R'-),;Uecreases the acti-

vatfon energy'fox the - decomposition.. Thus, for the series of azo <o oun
R-1='-R a h1gh tempe ature s requured for dissociation when R ire RFL—J

rarily alkyl rad1caIs unereas decomposwt1on beCON%S much’ toie facile if

R+ is benzhydryl or tr?phen,1wethyl, vhich are reSonance stabiliz ed

Strong1y‘stabr11zed radicals so generated naYy, however, be too unreactive

to se Of_;Se for ih{t}ating radical chains. ‘ S
Generally tﬁerg a%e three modes of decomposition, qarély induced

deco DOS1t10n. un1mo1ecu1ar concerted, and unimolecular noncoricerted de-
cowpositions. Tae induced decom>oswtion is a.chain react?on aris1ng be- -

-

Cause the vadical -products of an 1n1t1ainunwﬁolecu]ar dec01v051t10n ca

attack unreacted initiator molecules ta j]etd new Fddltd]S that cont1nue

the chain. , Humerous examples of the 1nduced de;omposmu1pn hAVenbeen
» . N l -.' . : '
reported jn the literature; a specific example is given by Denson who
. k%
', ° T \_' " ]0 :
studied the decanmosition'pf tert-butyl hydroperoxide. -~ . The chain nature

"of decornosition is amply confirwed by the kinetics.lo and by the observa--

tron.that 1t s accelerated by the addition of an independent source of
}] > - '. " - n‘(\

~ radicals. .

+

Although azo—conmounds have been used as a source of ffrece vadrcals
for manj yeays, the induced decomposition of azo compounds ‘ta free radicals

15 rare. Potent1a1 wecnanisms for 1nduued decomp051t1bn of uzo conpound*

lnclude rad1ca1 substttut10n at an atom situated . v (equation {a] ;

(equation [5]) to azo n1trogen.f AR compounds wh1ch are reported to react -

- %
+ v

- Rax +:H + R]'

fA] Re + X=i=l{-R )

- 1 M ‘
[5] R + XSY-Z-IIHRy  RK H YT £,k Ry -

.

Ghonfn T

L in
£
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according to equation [4] or [5] are rare., One reason for the rarity
may be due to the fact that man/ azo compounds do not have a reactive.
site &<(equataons above), 5uscept1ble to radical attack Several examp]es

.of azo compounds which may decompose according»to equation [4] have been "
' 12

s

reported. Théy are: X = H,'2 X = Rco,'® X =“R502,}4 X = RC02,15‘X = ars, '8

X = (2}{30,]7 and X = C1.18 In some of the latter systems; there: are

-other major reactions and radical substituxion:was not established or’

’ 1
suggested as a competitive process.

r

Few cases of 1nduced deconmos1t1on by rad1ca1 substitution y.to
azo nitrogen (gquat1on [5]) have been repor;ed. ‘Benson and his co-workers}9
Breported that HC1 accelerates the thermal decoﬁbosition'of azo jsobutane

and suggested the sequence of reactions in equation [6] belov.

- v
o ¢

[6] ~ MeyCo + HC -+ MeCH + CI:

Cl- + Me3CN=NCMe3 . HC? +-~CH2Me§tu§NFMe3

CH Me Cil= NCMe - CHZ C1e + 2’+ Me.3C-

-

Another exagble is ptovided by Knittel. and Warkentineo.ﬁn this 1§bcratory;

-~

They found that 2-Dydroxy—zgS,Batrime;hyl—A3—1,3,4—0xadiazo1§ne 1 decomposes -

. . : *
via a concerted, radical-chain mechanism (equationm [7]}. The concerged
- °

induced decomposition of 1 by atfack at hydroxy] hydrogen is confirmed by
spin trapping with nitrosobenzene, réactions with olefins, inhibition of
decomposition by triphenyistannage, and initiation of decomposition‘by

'stable' free radicals.
‘[7] CH3 ' OH . . ) - " . . - ' I

! CH., + Re = RH * N
” " 3. A

CH3

. ¢
+hCH3-C—9—CﬂCH3)2

.

A .

AT
p ._-;::,ﬂﬁw; b
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for the latter ty‘ modes of decorposition {concerted or.stepwise

. - . \ , - - v * . .
cleavaqe), we use the decomposition of azo comwounds as an 1llustrition.

[

In a congerted reaétion (equation {u] ), -two C-1 Londs would break sirul-

L*n‘oaslf, Shereas a stepwise prOLeSS ;Ou]d pvoduce first one Re radica)

i
P.o%

-

[2]  R-M=U-R, - Re 45+ R

{37 R-md-Ry - Re o+ wlid=Ry - Hoot Ry .

. Tne mechanism of the decompbsition"of azo campounds has béen.
P h

anvestigated for many years by several workers., ELarlier kinetic studies
s e . S .
6f 2azo thermal decomoosxtlon2 led to the conclusion that the rate-defer-
han1ng step 1nvolves oznultaneous rupture of both C-i bonds. The de-

cowoos1tlon of s;m“etrwc 3,5-didryl- 1~>jrazo}1nﬁs having para-chloro,

para- xethor/ and para nydrogen subs t1tuents \as dnvestigated by Ov;r“ reer,”

_9nd—he postulated a concerted, homolytic decomposition 0 a biradical--

. . . 3 o .
intermediate mechanism, HcGreerZ nas studied the thermal decompostition

v

of 1- p/r*2011nes that nave electronegative substituents at DOSIt]On Lhr@c,

and he sugges;ed that onlj one bond breaks 1n the initial trans1t1on state

to g1ve a zw1tterwon. be]tzer 24 found by studying secondary deutcrlu f’

.'lSOtO)G effects that in unsynmetr1c azo. cowoounds, one bond IU)LUYQ occurs.

N

. .
Pryor and Smith2J have found independent evidence favourinq thé single

) Iy . .- 26
bond cleavage mechanism for unsynmetric azo. com'ounds. Neuman“ found
G

by measiring the activation volumes that azo ~coumpounds undergo eltner con-
certed or stepuwise homo]ytic_deconmosition._ Crawford27 has urnposed that

not only unsymmetric but also some $ymmétric azo cempounds decompose in

»
- . v
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the gas pha§e by the one Lond scission pathway. Kopecky28 suggested that
the thermolysis of E1s— ana trans-3,6-diphenyl-3.4,5,6-tetrahydropyridazine
1s By simultaneous cleavage of boath C:H bonds. llore recently, Bérg@anzg
found that the Synmetfica1 cyclic azo. compound E_decomposes by simul taneous
rupture of both C;N"bondn while the unsymmetrical one 3, decosposes by.

sequential C-!l cleavage.

As reviewed above, the méchanﬁsm af decomposition of ¢yclic azo
;ompounds\appearé to be very di fFicults to generalize and seens to bé -
strohgfy a}tered,with Changes in structu?és'such as the size and naiure
;‘of the’;ing involved. The thermo]ysqs of a spec1f1c c]ass of f*ve—membered
azo compound, oxad1azollnes, will be discussed in Cnapter 4,

/ﬂ\\\ : Decomposition of azo compounds is.poxehtia11y1complicated by
the éxistencé of cis and trans isomers. The t}aqs form is the more stabley
cis isomgrs can be.brepared by IQQ temperature.photolysi;, but they de—"

compose fairly rapidly at room temﬁer&thre.to yield partly trans isomer

and partly radica] p¥oﬁucts.30 The. cis isomers have been imp]icated as
30

\

intermediates 4n photochem1cdﬂ decompositions starting from trans,

but it is not c]ear uhether thej are also anvo]ved in therma] decomp051t1on.

8e51des perox1des aind azo compounds, organometa]11c compounds
of such metals as mercury and lead. undergo thermo]ys1s and are also. used
as radical sources. However, they are highly toxic wh1ch‘then llmlts

" their use both in industries and in laboratories.

s
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1.2.2 lIrradiation )

Radicals can be photo-generated. Most bonds encountered,in

organic compounds have energies of thg order of 50-30 chlwmo]e—]

Light energy of this magnitude i$ used to effect bond scission. Brovided *°

»

. the substance can absorb the radiation, visible or ultraviolet radiation
is of sufficiept'enérgy td_causé rupture of most.t}pes-of bonds.. Lven
.uhen-this provi30:1s not met, the ene}gy transfér can be bronoted by a g
‘photosensitizer'. Photosensigizati;n is:the~process by which the energy

absorbed by one molecule is transferred to another by collision and leads
to reaction of the latter. Benzop1enone, for instance, is a very good

triplet pHotosensitizer in Qhotothem1stry. Examples of photo1yses which

_generate radicals ‘are given in equations [10] to [12].

<

[10]  ROOR - 2RO-

[11]  Ril=lR - 2R + N, . S
‘[12]  ROCY - RO- + C1- X L
. . L

3

Two advantages of photogeneratlon of rad1ca1s should be mentioned:
(a) the react1on may be carr1ed out at any. convenient temperature, and
(b) spec1f1c bond-sc1551ons can be done ?Y raQnat1on of a part1cular
energy to the molecule undér study,. Howevér, the dfsadvéﬁtage of #OSSiblé
light-sensitivity of the reaction products must be noted.

- . ’
1.2.3 Redox React1ons -

An 1mportant and extreme]y versatlle means of produc1ng free

o rad1cals (chlef]y in aqueous systems) and rnduc1ng rad1cal~cha1n processes

¢



< . . . : f
(15 the use.of partially or wholly inorganic oxidation-reduction systews.‘

An earlter and god example is the reaction of frdrogen peroxide with
M o

. : 2 .
Ferll) ion (Fenton TOdCthn,3}:3 equation [13]).
. ‘ &
< 13) o0y + Fe(lf) - tellID) + Ol ™ + i
Lfettrochemlcallj, the Kolbe reaction 1nv61v1ng the oxidation of

carboxsylates 1s undoubtedly the best-tnown and masti extensavely studied

exyr pie of anodic uxldatrdn33 {equation {14]).
e ’ %5
14T RCI,T = RO,- - R+ 00,

-

R + R+ - R-R

1.3 Detection of Free Radicals by the Spin-Trap Technique

Reactive free radicals play a role in many reactions., and.electron’
spin resonance spectroscopy is by far the most useful method of radical
detection. Detailed analysis of an e.s.r. spectrum frequently makes it

possible to deduce not.only the gross chemical structure of the radical

-~

but also its conformation. Spin densities at vanious positions.in de-

localized radicals may dlso be obtained. The sensitivity of the method

8

~allows radical concentrations of 107" M to be observed.

v

For a detailed treatment of the theory and practice of e.s.r.,

reference should be made to a ‘specialized, text by Carrington.34 T@ig

“section only outlines a physical method off detecting radicals, with e.s.r.

techqiques,»b} so-called spin trapping. O%hér-physica1 methods of detec-

tion such as magnetic susceptibility, CIDNé, mass spectrometry, etc. are

not included here, but references should be made- to any standard texts.]

\ S
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Transient free radiczis gy be detected ind adentified directiy

b R
DY e.s.r. o onty 1t the radicals are preed fuced 11 relatively nign concentra-
. e . 20,26
Liors In tne e.o . Cavity Ov otnlonse in osaitu arradiation ar by
<
’ 5 37 ;
vt tatg Tlow aysters, cQetnaes 2ls.r, ewipent hay bteen 5ub-

stantian by oditied D ancre:se aansitivity and resolution.  Seoveral
i - <
SGTTLLS 0T worter s sore or Tess sutultanecuslys aree oludd this
' +
SOt 0 carrsind gl the partioular reaction i the presen.g ot
i .

suitible 1y cagnrtie wasppound, called a S01n trap by Janzen, wnmien ¢in

tran a transrvent cadical Javang rise to a stable radical. The e.s.r.

\‘J
oeckrum of tne latter woy be obtamed .ythout recourse £y spectn]
teeaniues. Y |
. £
Sdrtanle spin traps anclade nitrones 1 oand aitroso cotounds o,
"~ ~e o«

-

botn of unich on reaction uith radicals give ise to nitroxides » and 7

(enuations [15] and [163). For different aspects of the hemstr/ oF

r

. ’ Jao36
nitroatdes, the readar s referrved to soveral good texts and

. A _‘)‘ -

oy “ - . . . - .
A NIN L rhe T ost o cotronl s used nitrones are pnenyi tert-outyl

nrirone <aoand wne unsubstituted t—buuxl niytrone b, The mitroso <o --
r

~

LOunds used as sHInfraps are nitroso-tert-butane Sa, d-nethyl-2-nitroso-

"3-batanone Jb and nitrosobenzene H¢.

7

™~
/

2 . 3

LH~A~C\C# )
\

5 - PaCHE-LLC + QI e———
[19] R-CH 3 L(Cr{3)3 Ri

4 6
~ . ~
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being photochemically and thermally unstable. As pointed out by Janzen,43

there arg both advantages and disadvantages. inherent in the use of either

%

nitrdnes.or nitroso compounds as traps; the technique of spin-trapning

nas to‘be vsed with caution.

L )

PR

Psrious alternative spin traBs have recently been found in the

v
1

. 2 - ,
literature, among them nitrobenzene,ST H-nitroso compounds,52 nindered

pnenols,53 1-nit osoadamantane,54 benzonitmle—.‘i-oxide55 and anion[CHZ'NOZj_.S6

. 5
Recently, several reviews have been pub]ished57 59 to discuss

the use of nitroxide,radicals as spin labels to probe thggstructure and

function of biolggical macromolecules . . ) . .

* Before cbnkﬁuding this section, one further.point to be made is

|

that the dete%;ion of "a particular radical does not necessarily mean
phét it is 1nvo]yed in the'maJOr reaé%ion pathwéy in the system under‘
;tudy. Thus, even though N-bromosuccinimide has been shown to give -
succ}nimidjﬁ radicals, it is almost certaim tha£ these are‘not.invoébed

to a major extent in the é]1y]ig bromination of a]kenes.49

1.4 Cildssification of Radical Reactions

.

Radical reactions can be cldssified igto different types, and,

thesé are sumnmarized in the following paragraphs.
: .. t .

»

1.4.1 Unimolecular Reactions

1.4.1.a Radical Fragmentations - . .

» . . a

Radical fragmentations, sometimes referréd to as 8 elimination, ~° 6 g

dccur both in éolutioﬁ and in the gas phase, pdrticularly at' low pressure.
‘They may be lookedjupon as the reverse of radical additions. Typical .

2

exdmples are given below [equations [17] and [18]). °

Yo

»

MR S

-
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T
(171 (Gi3)500 - CHye + (CH,),C=0 .

" [13]  R-C-0- - R + co,

These processes ane.usuélly en@othermic and are favoured by an increase
in temperatu;e: Thé major driving force is derived from the resulting

increase in en{;opy since the formation of two-specios from one brings

about an additional translational degree éf freedom. Fra@mentation of

a cyclic radical results aiso in an entropy incne:ge, in tHis case due

to enhancement in Qotational degrees of freedom, . ' :

Radical fons also underga fragmentation (equation [19]).

[19]  pheity” -®ncH,- + W' .

%
1.4.1.4 Radical Rearrangements "

The subject of radical rearrangements has been reviewed in several

texts and many review articles, despite the.scarcity of-this reaction

compared to carbonium ion rearrangements. Most importantly, the classic

. ) L
reviews of Haliingﬁo and Freid]ina,G] and regently by wi]t62 should

A Y

be consulted. Of these the 1,2-halogen shift and the 1,2-pheny}l shift

are‘conmon. Examples are given im equations [20] to [i%;.

f20] PhCMeZCH2 - MeZCCHZPh

[21] Hg&CBrCHz - MeZCCHZBr . ' .

[22]  ¢€1.,CCHCH

3 2

oro €y 2

CHCICH,Br

12
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a

Some year§ ago, two groups of worker563 gave a theoreticai

-

rationale {based on LCAO molecular orbital calculations) for the.mere dif-

-

ficult nature of radical rearrangements compared .to their cat1on1c ana]ogo.
.

Catlonlc rearrangements fill the bond1ng malecutar ora1tai only and the

tr&ns1t1on state is tota]]y bonding. On tpe contr%ry, radical (and anionic)
rearrangements must have some antibonding character in the transition
state because the orb1ta1 at the react1ve centre is not empty.

Carbon1um ion rearrangements are w1despread, and radical rear-
rangements would be expected to be 1imited in,number. Moreover, truly

1,2-carbanion rearrangements have not been and perhaps never will be

- observed.
No radical rearrangencnts 1nvo1v1n0 1,2-alkyl 01 hydrogen mi -

gration have been known to occur, aithough the latter has been proposed

from time to timeHGZ,

1.4.1.c Radical Cyclizations

-

Radical cyclizations may bg regarded as intramolecular additions

to double bonds. Such reactions are very sensitive to the stereo-

electronic requirement of the transition state.64 A large number of

examp1es are known in cyclization of hex-5-en-1-yl radicals;65 they capn

éither cyclize to c}clopentmiethyf or cyclohexyl radicals (equation [233). .

23]

e



[24] to [26]. , .

‘4’5‘

The nex-v-en-1-yl radical c¢yclizes alwost exciusively to give tne less

C&table of the two possible rgdicals, narely the cyclopentylrethy/l radi-

¢al rather than the cyclonexyl radical, %.e..the reaction gives the
shermodyrnunically less stable radical. Tnis cyciization 3s sublect 3

kinetic control, as both the cyclopentylrethyl and cyclonexyl raaicils

66 .
show no tendency to fragrent, and hence one can say k] K.
¢ N -
1.2.2 Siroleeular Reaclions between 7wo Radigal

1.4.2.3 Coubinatio@i

Corbrnatiomof two radicals leads to bond formation and 1s there-

fore enerqgetically favourable.. The process is known to be extremely
fast refquiring little or no activation energs, but since in solution the

concentrations of radicals are extremely 19w and reactions between them

L<gvgyé on the square ot their- concentiat1ons suca a process is in general’

ot as 1"portgnt as transfer reactiens u1th Lne Jol ent. However. com-

ination reactions are radical destroying processes- and constitute one

of the termination pathuays in chain redctions. Also, they may predominate

in the case of a'relatively stable radical, such as free benzy], uhich
is not reactive enouch to attack otier molecules present in the sysL in,
and persists in s0lu 1on until it collides with a like . radical and

counTes with it to sield the 'dimer'. Examples are given in equations

fz4] PnCh,--+ PaClt,- - PnCH,CH, Ph

2 2 2712
[253 . IPCi,- + Me,C- ~ PhCii,Clie, : © N

3

WA *



[26] PhS. + PhS. » PhSSPh

-

Coinnation may take place readily in a solvent 'cage'. ‘hen
geﬁerated in solution from a radical initiator by bond cleavaqge, radi-
cals are always formed in pairs in close proximity to each other,
within a solvent cage, and do not immediately separate. Before diffusiqg
out of the cage, they may undergo collision with each other and combine
to regenerate the initiator or give other proﬁucfs. This typelof reaction
has been called a 'cage reaction’. A detailed treatment of the cage
effect is given in_a recent article by Koenig.67 The ratio of radical
pairs reacting in(;;E\§U+ven§/cage, by combination or disprooortiona—
tion, to the tota] ‘number of pa1rs formed is called the cage effect.

The caged rad1ca1 -pair phenowenon nowadays is the accepted. theory of

-

chem1ca]1y induced dynam1c nuclear polar1zat1on,(§£DNP). The theory and

[y

application of CIDIP are not discussed here; readeks_are referred to

severaT good articles. 68-72 ) <

a

1.4.2.b Disproportignations

These reactions involve 'the transfer of a hydrogen atom from
one radical to another. For example, two tert-butyl radicals can dis-

proportionate to yield isobutane and isobutene (equation [27]).

[27] (CH3)3C' + (CH3)3C- - (CH3)3§H + CHZ=C(CH

~

3)2
The disproportionation process, like combination, is a very efpthermic

reaction since two bonds are formed and only one is broken. In a termina-

tion.process, disproportionation always competes with combination reactions.



1.2.3 Zimologular "eactions betueen Radizals and nlecules
defes VLLDJREURAT PaRUIDNS SRR ARl RS DR

1.4.3.4 Substitutions '
A .

-

v

Free-radical ~ubstatution redctions are cefincd operitionail.
45 nocolytic processes in vhicn one ator gy groun of ators

in.a volacule
1s replacéd with another (equation [22]) WILNOUt regard to details of

. & .
recnanis C.

Substitution reactions are usually chain reactions consisting

0f successive repetitions of 1ndividual transter steps. There are
LA

o tynes. In the Sﬂl-reaction {unirolecular howolytic substitution),

homlrsis of AD is rate-determining and is followed by radical couplian,

(ewuétion [23]). An examp]e73 would be the farmation wf coupled »reducts

S 1'0'.-1 )
[&2] Ab > e o+ B
< N
N fx.: 5 t M
R« + A — RA

fror, decormuosition of a perester in the presence of a stable radical

such as galvinoxyl. However, SH] reactions are comparatively rarer

than snz {birmlecular homolstic substitution) .reactions in which there

ic direct birolecular mmteraction betieen the radical and the transter

o
.

aaent. , ’

&

-

SWQ reactions can be subdivided into two.types, synchronous
] . - . . .

(equation [30]) and stepwise (equation 1311). The disLjnctiod between

N3 -
- Y - ~ . * t ‘V‘ ’ *
[30]. R- +AB - [R---A---1] ~RA A+ B ..
o Transition . . : N
State .
* A

G MGt e e
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Intorr ediate

these two tynes would depend on the vehaviour of the adduct radical (R05)

1f the adduct radical has a finite Tifetime, the substitution 1s step- \\\

wises otnerwise, the reaction is synchronous. urerous exarples of 5“2

reactions of organic, orcanoretallrc and inorganic compounds can be
7l .

found in a specialized beok by Ingold.

. : 75
Radical attack is rost common et monovalent halogen™ ™ and hydro-
76
qen © {(see later) atoms. Atgack at polyvalent atoms 15 less prevalent
but has been clearly deronstrated for oxygen, sulfur, phospnorous, and
. 74 . 74
seyeral of the metals. Attack at saturated carbon 1s very rare,

but addition-elihjnation sequences at unsaturated carbon are well knowun.

.
.

13.b Abstractions .

.

. -
- . N 73
{aLbove). Two rost cormon absiraection reactrons of radicals are halugen

and hy¢rogon7° abstractions. The former abstraction 111 not be dis-

cussed nere, but readers are referred to the article cited. Alsoy-it

15 not intended to drav together information on the abstraction of hydro-
- L 3 76-73

gen from a variety of énvironients. Discussion will bermainly

based on the nydrogen trunster from alcohols.

. - o _'(;
A wide variety of radicals; e.g., alLy},7ﬁ a]koxy.“) ¢

i)"; Of . 1 (JU N -‘ [
nitrogen, O and sulphur” radicals, -abstract pydrogen_from alcohols.

&l

~

In"solution, the majority of ,alcohols aré preferentially attacked by

free radicals gt the -Cit'bond (D, 93 fcal no]é~]) and not the 3-i bond

/.

" ) - - o L . . . . “ '],3’)
{D, 103 Kcal mole '}, with the exception of tertiary alcono}s.§ ‘

Abstraction reactions are specific types of substitution reactions

D3

hydrossl,’

o -
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T2 resulting -hydroxyaliy ] radicals have been trapped by olefins and
§ . Lo 82,57-7
thelrse.s.r, spectra examned., ,

Abstraction of the nydroxylic proton has Leen less corienly
- opved 22 ‘ U . ~
oblerved. A few cases nave been reported of hydrogen abstraction fron
1 1 ) A'l “ s - ()3 . &
tne hydroayl group.  The Me,C=CH radical abstracts deuterium from
A ;

. . 34 . .
gauterioetyanol (EtU3). Soi2 cyclopropancls”™ on oxidation or otner

reCt1on glve prouudcts consistent with the fornation of alkoxyl radicvais.

’

, ' 95 ; :
D1, nenylphospnino-radicals have been found”™™ to abstract the nydrosylic

proton b wvay of an initral attack upon the oxygen atom. It has been
L, X
e ¢ oy
de oonstrated oy Xngo]d,'] and 1ndependently by koo YT tnhat o hydrogen
[a)

. ~
>

aton can he transferred from the hydroxylic group of an aleohol to an
3 y }

é‘{.J

, 29 ’ . '
alhoxy radical, Markentin®” pvecently found that a vdriety of radicals

can abstract sszdroayl hydrogen 2fficiently from o special type of

. Co | e ’
-2otarbinnl 1. Gray and Herod feund. the .-C-H nogitien of ethanol at
> ~ -

150 € ©3 be tuice as reactive dat the C-t s1te toward wethyl radicals.
6 .

Among radical reections, tihe eddition reactions are the rost
. ‘ .
intgnsively studied and btest understood. besides being of great tueore-

L 97-93 . ~ . :
t1cal interest, they have assured great practical hmportance’ bocaus

100-19¢ Hove, wy onl,

of their vcrgdt1le applicatieuns In orgdndé sintﬁesis.
discuss the addition reactions uith-hpsaturated'coﬁﬁbﬁnds sielding saell
molecules. for detarled treatu@ni of addition reactions generating uiant
molecules, the reader is referred to the standard texts by Ha?]wng]a and by
Vo]?mert.}Q7 : ) . ‘ )

_ Stoichfometfical]j §i'p}g gdaitions to unsaturated o pounds



can be represented as in eqdustion (2], in whicn the reagent adoed s

A} N v

syrvolized X-v. 4 .

Various radicals will underco addition recction, with rany unsaturited
. . F-]
Lo pounds {AS above) sucn as olefins, acetylenes. arnratic oo pounds,
$20 Loonownd, and carboiyl oco pounds.  The addition rerction wath olerirs
. ° . . - la, 1, [ )
15 by far tne 1ost extensively investigated. Reagents wWncn
uidergo wadical additions to suitable unsaturated Tinkages inclade nalo-

N

gens, Hbr, nydrocaroons, polynaloalhanes, alcohols, ethers, antnes,

]
aldehdes, hetonas, esters, alipnatic acids, and corpounds of sulynur,
Uhosniorous, silicon, tin, gerranium, and other elerents. . .
Tne vadical addifion mechanism is 4 comples sequence of steos,
as shoun in Scheme . Adgition to olefins is taken as an example.
Sehere 1
Initration: ) . ’
‘
{33] AR O R
Propagation:
(243 A+ + Cib,-CHR + ACiH,-LHR
< ‘e 4 ~
. t\t"
{3501 - KCH2~ChR + AL 3 KCH,CYHR & A= ‘ P
(=
' : SRy ‘ ! ’
[36) ACI,=CHY + Cil,=CHR ——— XCH,=CHR :
* - [
. : CHZ—CHR - “tolomers T
A1
¢ .
A -

.



Termination: v '
[37) 2%+ X-4 :
' r
3] Feo v ACHLCHY - ACHCHXR >
137] 20, CHR - dimer or disproportionation
[ .
. -

- - ) [V
Paeopnetic aspects ot the above sequence are Jiscusaed n

-

Tne chain sequence can be started Lotn by racical "mitiation

and photoinigiation,  Bata about th2 inttiation step are sparse. Int,

*

i5 because in mosi radical chain reactions the average kinetic chan

<

. | .
has Tittle influence on the nature of the addition products.

len ,ins are very long and consequently the “inftial source of radicils

In rost radical addition reactions, the 1:1 adduct is tformed

"

mothe propagation steps of the chain sequence. A sigmficant cornli-

cstion could arise in edditions from the circwnstanee *aat the 1nter-

nediate padical XCH,-CHR, instead of undergoing transfer to carry on

the cnain, could add to another olefin rolecule (euation {36]} to give

.
.

a ned radical aCH,CHRCH CHR, unith, by a repetition of this process,
[ “ .

1eads To e chawn polyrer or "telomer”. "This side reaction, telonery- /

o

~

zation, should 2ot be serious 11 Lotn ot the propacation steps (oudtion,

v

0347 end [55]) are exowieruic und'repid co

tion steps.” Tne reactivity ratio, ktr/kp’ referred to as the coain-

transfer constant, is a measure of the reactivity of the adding reagent

with respect to that of the unsaturated cougound toward reactioh witn

rpaved with all chan torrte-

'’



3

R |
t
¢ AR
L | ,
cne adduct radical. NV osystanuatn o nagn o anain=transtier constant
. )
;’r/k~ 130 veautts i argh yaelds o the sieple 101 addytion praduat,
[ - ' A
LCTOS 2 L leT UTLN 0 Tow enain-teanster constant (ktr ' 1) il
.

. , ‘ it R
stve el telaieric products under the sare concitions. ” Halling

.

1as Jderived approximate energles 01 the prodadaiion stepyrs 1n g nwtber
of radical addition reactions and, fromcttnese values, 1t wan ba prodroted
Jnetaer or not radical whein processes amvalvimg addition reactions are

eriicient.
‘ A 24 \
[t nas been tound Ly Mniscr- thatl many teloverization proble s

.

can Do overce 2 1 f 3 redox Cystan 15 prosent an tae addition rerotion,

iature. This is wsuadlly supplied by naving aresent a retal cation sulh

+ LS ° . .
a5 te” or Cu™ L Such salls can greatly atfect the course of radical

additions Lo olefins and the nature of Lhe products obtainad. A rodox

-
“

so5tem generally does not affect k), but 14 can oro.ote k,r very cen-
, .
sideraply and thus the Ciasn-fransrter omsiant witl we increasced.

Tae cenawm sequence can.be terminated 1n various vays  doeending
un the systQQ mvolved.  In general, chain termination occurs by radical
destroying pracesses such as direrization or disproportionation. These

Lo reactions we have discussed previous by (et ool

As> Lo whatner the addition step (equation [34]) 15 reversizle

or ather.nse iray be mrerred from cis-trans tsomerization uvaicn the

. »

olefins pay underyo during the reaction.  Isorerization in all Trhelinood

arises from free rotation wnthin the 1ntermediate radical ACH,-CiR,
<

provided that this occurs fastér than its reaction with the addendun XY.

Peversible reactions nave been demonstirated 1n a nurber of cases such .

A o _ =112
] /(1\1 3 th".“'}" I‘.‘.d1(.\$}s } ]I ’

<

as addition reactions with nalogen atens,
L g

. .
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B : - ’ ’
«and organometallic mdicals.na\’]m

~ a 1

Y

© Another compljcation in radical addition processes may arise from

LY

tire possibility of torpetition between the desired addi tion *{equation (323

and displacement.reaction betueen the radical X and the olefin, de-

™~ . P
picted below.(equation [40]). Haore, attack upon allylic nydrogen ators is

-
.
-

091 ks onscicig -+ onscHCR - .

particulariy 13ke?y'because the resulting allylic radical is a hignly
resonance stabilized species. That stabilization weans that allylig .

radicals are unreactive  toward the addend XY, and instead accumulate

in the system until they are destroyed by radical coupling or dispro-

.port%onation‘reactions.
Stereocnemically, differeqtaposéibfé:stereoisomers kin be ob-
tained from radical additioés to suitably substituted olefins. F}Om
osen=chain o1efiaﬁ, 1n'geperal, both érythrp and threo pairs qge obtained

starting either from the cis- or trans-olefins. The presuiied explana-

tion is that the intermediate radical undergoes free Eota;ion'abomt the

>

former double bond at a rate which is rapid cosmwared with reaction with® ™ .

. . . N e I
the addend XY (equations [41] and fa2n. . ’ .
.. . . o - R NN
: NG Lo 05 SO TR
(1] x4 e , A—c }——i""’
) i 1l S T Y N
R X .ol .M
[12] %+ e L e e
" H : R ‘\-,R} R4 Y

bt

o g st B AE

LUy
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The steregcpemistry 'of carbon radical addibions to cyclic ole-

fins has not been studied. However, the addition of nydrogen bromide

.- ‘ - N5-117 ! R,
and of mercaptans is preferably trans,, and a similar rosult Ve

might be expected with carbon radicals. Additions to the.bridged nor-

bornene_Sysfem in contrast appear to give solely the cis-exo product,
_ ,
presumably for steric reasons (see later), €.g9., with ethyl bronoacetatel]”-

19 (equation [147]). 7 Conjugated dicnes generally

H,C0,CHs

(2quation [43]) and thiols

[$3] BrCH,CO,C,H, + .

RS S RSH  +

‘ e . !
add free-radical reagents in a 1,4 roenner, but the relative amounts of

103 \

. ’:t‘\ .
Brief mention of ‘the orientation of Fadicgl addition is appropriate.””
- r /
T

-
4
o

cis and trans products. have not been investigated in detail.

-

. ;Free-radi;al dddition is seldom completely specific to one carbon atom

of the double bond, but the predominant direction of attack c&n néé}IE‘

always be predicted by the sihple empirical rule that the first-added

$pecres will attack at the 'least substituted' carbon atom.  For all .

radicals so .far studied, this rule appears to hold with few exceptions,

irrespective of the nature of substituents on the olefin., The excep- . K

120,121

tion, for example, is 1,1-dif]ﬁoroch1oroethylene where both CF

3"
? end. -

‘The orientation of radical addition has, been interpreted §n .

and"CCl3: radicals reagt faster at the =CF

terms of -four main factors: (i) tie strength.of the bond being formeé,

IS

{i1) steric hindranéf, {(iii) potar effects, and (iv) stability of tne ’

H .
.

PR L .

LA

et

IRy WA
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cr addend radicals. These factors will be discussed in section 2:6.

For more details of orientation of radical.addition reactions,

the reader is referred to several articles 5} Haszeldine,]?o Cadogan,];? K

walling,jq] Husang',}23 Tet.ider,lzl’m4 and kerr.]ZD‘ . -

-

- In the foIIOW1ng paragrapns, the addition of hydrocarbons and

alcohols across double bonds, and the radical additions to the‘azu'u=N, .

linkage are d1scussed br1ef1y

G'r'

Very few hydrocarbons are known tq- add to olefins effectlvely
Oné reason for the fmeffective addition of hydrocarbohs, e.qg., alkane,
to olef1ns may be the unfavourable thermochemistry of cha1n transfer T
steps. It is 1]1ustrated in terms of rad1ca1 chain add1t1on of 1sobutane

2, to acrylonitrile (equat1ons [45] and [46]) " The add1t1on is 1mpract1ca] )

. . " . - N ol -
[a5] - tesC + CH,=CHCN - HeBCCHZCHCﬂb

f46; He JTCH,, CHCH +'Me3CHi» Me ,CCH,CH,CH + u§3c-

EY

because the second ¢hain carrying step is tod endothermic (equation:[46})

@

- N ' ’ -t Ml ’ ’ .\ '

To our koowﬁedgef énmy two exambles of addition of hydrocarbons .
to o]efins'are known. The first example was given by He/]26 who re-
pOrted that cyc]ohexane under mod1f1ed cond1t1ons, gives with - octene
a 407 yle]d of 1—cyc]ohexxloctane. The other oxarplo was provided. by
Huang*lf? who obtained. the 1:] adduct, no_]eés than 59%, from the ad;“
dition of to]gene to methyl crotofate.. '~ m-, : ' i {

e Pri%ary and socondary alcohols add to oféfins'fo,fonn'geoond?ry
and tertiary aicohols, respectively, ‘The a-hydrogen of a]coﬁﬁﬁ%*is_ S

.y susceptible to abstrattion (equation [47}), and the resulting'radical

T

N AT e YD e

'-\

e

y X}

LI TR PRI
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is capable’

f reaction with olefins in a chain process as ‘in Scheme 1 (page 19;.
_£4Z] _chn-on + Ry nzc-OH + RJH : L

"Tertiary aicoho]s, hav1ng no - h/drogen atoms, do not add to olefins in

'S

2 free—rad1ca1 chain reaction.
2 128 -

Chain-transfer constants w1th s1mple

olefins average néar 10 which means that except in the presence

L)

of substant1a1 excess of the alcohol, te]omer formatwﬁﬁ“Te\the\giedomrnant

reaction. " The tendency toward -telomer formation with a given olefin .is

CH,OH > pr1mary alcohol > secondary a]coho] Nith .readily polymerized

3

o?ef1ns, such as styrene, te1omer format1on is -~ the near]y exc]usqve
. - s
~,resu1t S

Very feu examples are Pnown in the 11terature of add1t1ons dcross the
azo H=it 11nRage to form substltuted‘é\gfa21nesq via a free rad;ca1 chain

The f1rst example is prOV1ded by the add1t1on of benza]dehjde
129 " N

" process.

to azobenzene Formlng 1~benzoyl-1,2- dlphenylhydrazane in 80. y1e]d

130 |

Wan et gi%, in 1964, successfu]ly demonstrated the add1t1on of cunene

_to azobenzene by 1rrad1at1on, the correspond1n0 substituted hydraz1ne

was 1so]ated They 1dent1f1ed by e s r . the 1nterwed1ate hydrazy]

N rad1ca1 3 1np1rrad1ated so]utlon of azobenzenegan cumene . However, Ingo]d]3]

;- oo
;zpved that their e.s.r. spectrurxuas not thataof 8 and, in fact, 15 . e
_-phenyl- 'cumyl n{tn_omde g " .
. - 2 . ‘ * - 4 ,, . . . ‘\v :.

: Ph.\ e ) ‘ 0 cn3 o

IS ’ X " ?"“'Ph ) Pn ‘]-_._C_-__Ph

’ " 4 o . CH .

CHyECHy ; oo
. SR o F : Lo ‘ :
T . T e N
3 - IR :

dhra e dal - v ¥

. 41‘1.& a
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_Radical additions to the azo bridge, to form hydrazyl radicals,
have been demonstrated in a few instances. Trifluordmethyl radica]é

are reported to add readily to azotrifluoromethane, forming 1,1,2-tri-

/fludromethylhydrazy1 radical 19,132’]33 which then undergoes radical’

coupling reactions to y1e1d‘the products (eqﬁation [48]).

r
A

-

(CF3?2H—NCF3—NCF37HQCF3)2

) ’ . .
[48] oCF3‘+ CF3N=NCF3_i (CF3)2N—NCF3 . R

1 (CF4) H-H(CFS),

134

Cepeiansky ™ . has investigated the photo1}éis'oﬁ aromatic azo-

compounds in ethyl acetate'sé}ut%on, and he suggested that the .photolysis

of.azoéompounds'{s caused by attack of radicals, generated during photo-

lysis of ethyl acetate, on the mofécale§°of the azocombound (equation [49]).

0 0
hv

: Il
QCCH3 — CH;CH20° + CH3C°

2

T TTHGCH,0- > CHLTHO + He | N

) \ .~
He + ¢=H=i{-¢ - [¢-?-N-¢] -+ Products

H
0
CH4C + gml=N-¢ - [¢-?-N—¢] > Products
s . ?0 . .
| CH3‘ S s e

Other examples are given by K1Ce]35 (equation [50]) and Warkentinlgs,

P 3= A, e i e

(equation [517). Thesenaré/ in fact, radical substitufion‘ré&ctidns at
azo nifrogen. . : -

B, v

. e - r °
‘e f PR U LR 7
-».'“‘"‘ “ﬂé- Gz Lok u-w-»':’."'
N . .
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[50]  PCH.. + PhCH.SO.H§=N-Pih -+ [PhCH,SO,id-HPh] - .
2 2772 2 2‘ } ! R
CH2
[
Ph
‘ PRCH,+ + S0, + PhCH,fi=li=Ph ’ ) \
. »
o jR\\\ . :
[51] Phe + R-N={-Ph - [ {-il-Ph} -- Phi=l-Ph
' : Ph 0
For details of the chemistry of hydrazyls, reference should be
made to two specialized texts. 45,46 L. ' - L
- 1.4.4 Electron-Transfer Reactions of Radieejs : ‘ o LY
. . ¢ . ) » ‘ \‘. N . ‘,\
Many radicals undergo oxidation or, less tommonly, reduction * e
by the ‘transfer of an e]eqt?on: .This is usually tréqsferred'té‘of_frémz
a transitigﬂﬂyetal. There are two routes availablé for oxidetign of e o
radicals. Koch11%7 has designated theée as e1ectron~trihsfer oxidation .
(equation [52]) and Tigand-transfer oxidation (eque;ion [53]). , Lo ) "
T 2+ 4 + 7 ) )
[52] Re #Cu~ - R *+ Cu . :
[53] R +TuCl, »RCI * CUCl
*The first.of these cofresponds to an outer- sphere mechanism and the 1atter , = }%
to an innér- sphere mechanism in an 1norgan1c system 138 . T "Z§
; - : iy !
It'is not xntended to d1scuss this sub&ect in any “detail. . For CoT
3 <
move lnformathon, the reader is referred to severa] good review, art1c1es 138- 14] .

€

N

115‘ Some'Genera1 Qharactefistics of Radical Chain Reactions

- Free radicals, being uncharged entities, are relatively insensitive ‘-

1
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to polarity of solvents, and, in fact, they behave very similarfy in the

benzene, cumene, and most other so1ven's.]42’]4§_'

In contrast to many polar rea tions, radical processés (except
certain ox1dat1on reduct1on syst s) rarely show catalysis by ac1ds or

bﬂ%es On the other hand, the radical react1ons are started by some

1n1t1at1ng rad1ca1s 1ntroduced lnto the system. Compounds which can form

“' N
free radicals read11y; such as hydroperox1des, peroxides, and many azo

comoounds, promote radica] reactions and are known as initjators. In
the absence of 1n1t1ators, the 1n1t1at1on process may come from heat,

\
11ght, ar 1on1z1ng radiation.
\

. ’ Raducal react1ons can be jnitjated by 1n1t1ators, converse]y, they
can a1so be retarded or inhibited by 5b-ca11edv1nh1b1tors Inh1b1tors,
‘in genera], are either stab]e freegradica]s, e.g., oxygen, n1tr1c 0x1de
or dlphen/1p1cry]hydra211 DPPH) or. non rad1ca} substrates which react
; read11y w1th rad1ca}s ‘to produce another rad1c:3 e1ther too stabTe to
enter into the k1net1c chain or reactive in sdme new pathway Typ]ca]
:.1nn1b1tors are pheno]s, thiols, aromat1c amines ,, quinones and aromat1c “
-po]yn1tro compounds aTthough the effect1veness of an 1nh1b1tor varies |
markedly w1th the system in which 1t is empToyed Oxygen is we]1 kpovtn
for its unpredﬁctab]e effect on radical reactions: sma11 quant1t1es of
‘oxygen may - 1n1t1ate a react1on whereas a 1arge quant1ty may complete]y

. inhibit it. For more 1nformat1on of stab]e free rad1caIs, reference

;?”i:;ouid be. made to-a. specialized text=45 ; ' 'uw‘." . '

.
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The mechanisms of inhibitor action are complex and not entirely

understood.]d

In general, thrée mechahism§ fqr infiibition can be visualized:
(i) Inhibition by radicals. An added free radical specids will inhipit -
the processes {equation [54]), if it scavenges X- but does not

react-uith X to convert it to X-.. . ) ’ AS

[54] & + % - RY _
Re + X % X-

~

(11) Atom transfer Atom trahéfer is'accomp nied by inhibition if the
transfer agent forms a stable radica] that does not reiﬁitiate
An examp]e is transfer by DPPH or phenols, which. produces the-
very stable DPPH or phenoxy rad1ca1 in the transfer step (equations

[55] and [56]): 7 .

[55]. R« + OPPH-H - R -H + DPPH-

[56] ° R+ + PhO-H ~ RH + PiO-

- {iii) -Addition. Somé substances add radicals to form stabilized species
. that do not propagate'ﬁhe kinétic chain. An examQIe is the

inhibitioﬁ of radica1'ﬁolymerization by oxyéen {equation [57]).

¢ \ -

o a3 - N . " ) s
[3?] . R 02 RnOO X . .

B

2 ) : ’

The chemIstry of 1nh1bktors is 1nmortant both in the study of

radlcal cha1Ps and 1n suDPreSSIng unﬁgnted rad1ca1 reactions. . °. S
, »
Factor§ Governing Radica]'Reactibns '
‘i' In general,_thére ire four'factorsggovékning the course of radicai;'
\, . . , L - . _" - \ . . ‘.

v\! ‘



. atomic chlorine with substituted toluenes,

L)

ya . . A} ” -
reactions. Each factor is discussed briefly in the following paragrapns.

- 1.6.1 Stabilization s

A radical can acquire stability in several ways, but largely throuun

norma] resonance and -,--hyperconjugation. If the system a]]owslsufl
ficient qeloca?i;ation of the free electron, the radical may become so
stable that it refuses ‘to %eact at all; aryloxy and diphenylpircryl-
hydrazyl (DPPH-) radicals, are examples. The ability of the radica]
centre to attain a planar cgnformatioﬁ is importan% wjth carbon rédwca]s.

Deviations from planarity usually decréase the stability of a radical.

The- hyperconjugation effect is well exemplified in the increasing °

H 4 - .
stability from methyl to tert-butyl radicals. The order of .increasing
" radical stability is methyl < primary -~ secondary < tertiary. '

The contribution from_the.steric factor to stability is well-
demonstrated in the_triphenmeethyL radical. The stébility of this radi-*

‘,cal is due largely to steric interaction in the direrization reaction.

¢
1.6.2 Polar Effects

‘v

-

Polar effects in free radigal reactions are eigher absent or very

. small -because the free radical, 1$ckingra fo}ma] charge, is less _subject

e

to the dipolar action of the so]ventﬁ(Seé,secfion 2.5). Upon application

of the Hammett equation (iog‘%— = ¢3) tq ;ﬁé abstrabtioq reactions of

O -
144)]45 a va]ue Of 9] (-0‘66)

is obtained. This small value of o thus indicates a small polar effect.
Anéther.pheqomenbn of polar effects is in the dbility.of hetero-

. L . L : a7.. o c .
atoms (n1trogen3?46~0}ygen,]47, suiphur1,7) to stabilize an-incipient.

' radical when partially deveToped. It uUhdoubtedly invoivés_gheudeloca]iza-
S , P SR

~ L3

Lo %

“°
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isecf%on 2.5),'Rhsse145]48 g]assicdl-inveétigation on the complexing of -

tidn depicted in structure *11. IR .

1.6.3 Steric Effects

v L]

Steric effects have been encountered in a nuwber of free-radi--

%al addition reactions. For instance, the stereochemistry of the chain-

’

transfer stép in the addition reactions of free radicals to norbornene
. . i

seems to be governed by the available unhindered §olid angle of approach

J'which permits chain transfer readily from ghe exo side,‘but'not easily

from the endo side (cis additipn frquentlj-occurs in this case), de-

. . [
picted in equation [58). . .
. ’ fxo - A § : T ;
{58] wj\‘ .» . . ,‘ . ) ‘t :
J \+ XbY -:--—_ﬂ__‘—; .‘a . ’ ) -
T X endo - .. w . I‘“ s .
" Other steric influences include bridging of olefinic fbnds a5 a rationale  ~ 2
-for the trans addition observed fon such reactions as HCr addition to
o]é?ins;(equatign [59p. - ° . ° . "‘ i
e, br o SR
[59). -« »C———"C< + HOr - -C-C- B s N ' -
- H SR S . i
M - ’ - " £
S . e . - . oA . . -
N .. . A . ! " N . Yoy, . . -t
1.6.4 Solvent Effects : ! ~ T N ' ' ‘

Although in general solvents appear to have little effect<on the-

-

course of free radical reactiens when compared with ionic reactions (Saé . .o

..




v

+

‘sequenee {equations [60] to [6* fin examp]e of this type'is given b/

A

atomic ch]orine with basic solvents have shown that under certain cir-

. cumstances solvent effects can, in fact, become quwte profound Besides,

a so]vent ney affect reactlons through one of its physical properties’, ° !

' e.g.,‘po]ar1zab111ty or viscosity (1n cage effect studaes) alters tne

rates at whlch reactions proceed

149 of the behaviour of the ~-methoxybenz/l

Recent investigation
radical in a number ot’solvepts shows that solvents posse&ssing donor
p}operties {such as diphenyl ether or dipnenyl sulehide) increase the
extent of fragmentatton of the radical relative to d1mer1zat1on, wh11e
viscous - so}vents (e.q., hexadecane) favour dimerization.

The effect of so]vents capabie of forming hydrogen bonds to TR
radica1s,i§3usua1]y to lower the.react1vjty of the‘radical.]so

\) Machx1ess'is.known of the role played by solvents in tﬁe'soiva-
' 151

°

, 4 - .y
tion of radica]s and of the transition states. The effect of so1vents R

¥

.n the solvut1on and assoc1at1on of rad1ca1s is reviewed 1n a recent

art1c]e bj HartTn 152 ) = * .

or

1.7 Kinetic Aspects of Free-Radical Chaih Reactions

T A radicg} chain reaction cansists of chain initiation, chain

-

propagation, and chain termination’reactions. Consider a simple free-

radieaT ¢hain reaction sueh as that of A2 with XY as shown in the foi]owing

the ch]orxnat1on of alkanes, uhere A 1s the chlorine molecule and XY

is the a]kane ‘ o o ) n
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In1t§ation:

R S
[63] A, —~J—y 2A-

Prop%on: .

k ' :
[61] A + XY —53 AX + Y. - :
_ : kg -
[€2}  y. + A, —= AY + A- . '
Termination:
. N ]\4 . ) <
[63] 2v: —— v, v .
kg - .
[63] A + Y. —23 AY .
\ A
Overall: s
[65] A, * XY - AX * AY q ,

2

\
) N

"

The chain Tength is aefined as the number of reaction cycles af
N -
1Y

thé chain carrier before it is destrayed. The chain carriers in the above
reaction scquencg‘ére.A: and Y:. .The k{netic_aspééts of free-radical chain
regcbions involve én interéftiné baTunce OEi§hO rates of Fhe initiation

and termination'steps, as w;f] Bs the individqgi-rﬁdica] propagatfo&

reactions that ceimprise the chain sequence reself.

To derive the kinetic rate laws, an assumption is usually applied,

”

called the steady-state approximation. This tonsi;gs of two partsi

2

(1) toe conceqtrhtion°of the chain carrier, which is very small at all’/

LY

times, remains essentially constant, and
(2) the rate of initiagién must be equal to'fhe rate of E%rmination:

"\
! . = . -~



-

<3

We use the above general reaction of;‘A2 with XY as an illustration, yet

for more specific examples, such as the kinetics of palymerization,

€

halogenation and autoxidation, the readers are referred to standard
‘ a \

F

texts such as that by Walling.
The rate of the overall reaction can be expressed as the rate

of either of.the two chain-propagating reactions, equations [61] or [62].

P

Heither of thegﬁjexpressions is particularty useful since both include

the concentration of a chain-carrying radical.

- d[A : .
Rate = ~SLALL - AL oy, pav)
or ‘ ]* i
'd A ‘ r
Rate = dtz = daQY] = k3[A2J[Y']

v

However, by using the steady-state approximation, we get

dfA-1 . oy L d[Ye] ) *
’dLE‘l = kp[A 0]+ kg lY-0Ap) =0 = - e (*)
Ky [Ay1 = k(Y- 3% + KA JLY-] N O
*
" From equatien {*), we get
N .
kz[ °]FXY] T k3[Y'][AZ]
kg [A,) ' . '
,,[A.] = E;“f??j [Y~] L | “ .(**)
Substitute (**) into (*), ve get ‘ ¢ « .
l . k {A:] . -
- b 2 .3.--2 Y4
| k(8] = k0117 + kg Tty 07

34
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[v-] - ) %I[AQJ ~ ¢ taking the positive roots
, ky IA,]
f L 2 " .
TR TR o \

pence the rate of overall reaction 1s

\ B el ol v'vle et
CdfAry R L

rate < S0 < ly) oy
kg * &y i, [AV]

The rate 14 derived above also depends on the assumption that the chap
Tength is long enough so that the contribution to the rate law from the
1nitiation.reaction 1s negligible. Two Timiting cases are (i) if

equation [63] is the termination react%on, then the rat® will bLe of lhree-

nalves order in [Az] and independent of [XY].

~
. 3 -
‘Rate = k3[Aq] :
« ~ |
where %2} 1/2
K =(‘3“>' . : -
N Kq /
(ii) f?’equatipn [64] is the termination reaction, then the overall
order Wil étiﬁT'be three-halves with the first in A2 and hatf in [XY]:
‘ i : _ .
. K.k, [XY] .
Rate = kAT | Tne——- = K'[A,][xv)/2 :
352 L3nr V2 .
- . v )
" «vhere . - '// 5 Co
% 2 . ‘
o 5]k2L3 1/2 : . ‘
NP |
5 . .
The . kinetic chain length can be defined as the rate of'whe'ofb i
- . . S e S . o2
' ) ; B
O g
- 3 !
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\

the propagation reactiun§ (Rp) divided by the rate of termination

reaction (RL)'
RP - kl[’y__].[.:‘.gl

1

Kinetic chain length

Ky DAyl

ky 0Y-]

[t 15 evident tnat tae kinetic chain length 1s inversely proporticnal

to the concentration of the chain-carrying radical.

sond Bisscciation Energies .

oo

Bond dissociation enpraies arg of critical importance in radical
chemistrj. Whether or not a lreaction is exothermic or endotiEFWic is
meaningfu; to us; a very end thermic process cannot be a propagation\
sten in a radical chain redction. Consider é reaction between a_radical
R- a;a a.substrate AB, ‘H is given by the difference in the dissociation

energies of the R-A and A<D bonds. The value-of aH will determine whether

the reaction will take place, if the entropy component, TaS, is small. There-

-fore, to predict approximately the relative stability of radicals and

the relative energies of radjcal reacyions, data of bond dissociation

J"\
energies will be required.

The bond dissogiation enfrgy is defined as the heat of reaction

+

on homolssis of the species coficerned and for a species X-Y is denoted

by D(X-Y) (equation [66])

[66]  X-Y == X- + Y- AR = D(X-Y)



6y this definition o(x-") is also the activation enmergy L for tae above
- . «

raaction assuvdng trat the revdrse reaction proceeds with little or ro

activetion eneray.

-

The rethods Tor ceterrining band dissociation enercies will not

’ . s , N . .
be .entioned acre: the reader 15 roferred to sover ] review mrticles

153 153,155

by Kerr or Lenson. iiurerous data oh bona drssociation ercroies

can also be fourd 1n those articles.

1.9 Catalysis in Free-Radics] hain Redctions

n —— RASRA S L0 Tl -

SN
Although catalysis 1s a2 common phenomenon encountered in various

aspects of chemistry, yet there are only scattered observations of catalysis
- b

in radical chain reactigms. ile do not consider initiators as catalysts,
. ~ -

although many people still use tie term 'catalysis' loosely in the litera- °

ture by saying that "tne reaction is catalysed by an initiator". In all
*

cases, the initiator is destroyed and unrecovered at the end of the reaction,
| .

so the definition of catalysis 15, in factf violqted.

One earlier example of catalysis was provided by Haters,]56’}57
who used thiols tovcatalyse the AIGH-1nitiated decarbonylation of alde-
hydes. They found that the arount of CO ¢volved was never more than that
of N2 formed from the azo comgoun;\(d1methy1-2,2'—azoisobutyrate). W
ever, the Jddition of as Tittde as 0.5 mole . of the thiol to the mixture
increased the extent of aldenyde decomposiiipn, as measured by €O er]u-
tion, to 80-90- for «-branched aldenyde such as 2-ethylhexanal. This
catalysis involves a thiyl radical acting ta abstract the aldehydic .
hydrogen atom, and after the resulting RCO radical loses bo, a hydrogen

N

ator is donated from the thiol to the R+ radical, and the R'S: is



regenerated. Hence, the chain sequence is qiven in eauations [C7] to [70].

[67]  1e,CC0LCHy + R'SH - R'S+ + ile,CHCO

2CH3 St

[65]  R'Se + RCHO - R'SH + RCO
[63] RCO - R. + (O
[/70] R+ +°'R'SH - RH + R'S-

They had noticed that very low concentrations of thiol notice-

.

ably enhanced the extent of CO evolution, and as the thiol concentration’
was increased the percentaaqe yié]d reached a high value which varied
little over a 10-20 fold change of thiol. content, though it dropbed
appreciap]y bafore the amount of t@io] became chemically eguivalent to
the amount of azo compound used to.generate qﬁe primary free radicals.
There would be three alternative chain endings {eguations [71],

{723 and [73]) depending on the thiol concentrations.

e

[717  2R'S. - R'SSR*
[72] R- + R'S- - RSR'

,[?3] (CH})éCCOZCH

3~+ R'S. ~ (CH3)26C02CH3SR

Another example  is provided by the use of thiols to catalyze

the exchange of hydrogens between organic substrates. There are many

examples of such catalysis {recently reviewed by Ke]]ogngO), but perhaps

159

the following is the most dramatic, when behzhydry]'fadiéals were

produced in diphenylmethane solvent which was labelled with qarbonild,

(&%)
@ |

PR

o~



the exchange represehteu.by equation [73] Qas‘sidh relative to the

N A TR R N
© termination’ (equation [74]) and no ragioactivity was found in the dimer

.

oroduct. "HOQEVer,‘wheh 0.04 M thiophenol was added to the solution,
17:; exchange was found. and the yield of dimer was reduced. Thus, it
was cléar that [75] and [76] were fasteir than [73]. Furthermore, the

'reduced yier of dimer indicated that a consigerable fraction of the

‘termination.was diverted to [77].

L3

60°
[72] © Ph,CH-N=N-CHPh, ——> 2Ph2CH.
. slow
(73] thc“ + Ph,CHy ——— Ph_ @, + Ph,Ch
{74] . 2Ph,CH - thCHCHPEZ '
[75]  Ph,CH.+ PhSH >'PhyCH, + PhS- . S :
[76] . PhS. + Ph,CH} » PhSH + Ph,CH* B .
‘ N . N . ) ) ; " l P
[77]  2PnS« = PhSSPR- s /

' H/drogen bromade has been used to catalyse nad1ca1 addition of

160

«thlols to olefins, The addi'tion of‘th1y] rad1ca]s to o}ef1ns is

’

reverslble, apd this reversibi]ity can be suppressed bx,the use of a *

particular acfive.hyerQEn donor Tike. HBf as a chain transfer agent. )

Huyser and Kel}ogg]GT have demonstrated the use of th1ols to '
catalyze the reactwon represented by equatlon {78] . .j\ )
[78] - R fHCHZSR - R CCH * RSH, - N I
OH ‘ X “ '. ~ _l :;‘ | . ~ A‘ ‘: \.‘" v,

e " . . \

.39,
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-

A radical cha1n mechan1sm was proposed in which abstract1on of a Seed

hydrogen atom.by RS is followed by a rap1d cleavage of radical 12 this

- [

forms another RS- and the enol of the ketone, which subsequent]y ketonizes

™
(equat1ons (797 and-[80]). - :
\ . . ' * )
' [79] RS- + R'?HCHZSR -~ RSH + R'('ICHZSR . :
) " OH ' " OH
[e0] R’ ?CHQSR - R c CHZ + RS- \ _ S
OH OHL . - .
12 RCCH " ' Q .
tL ~ e . S
. M 0 L - oo . “ ,/.‘
< Catalytic procasses involving oxidqtion—reduction reactions by -
. . . transition metal ions, have been reviewed b& Kochi“]62’163 . . -
- . . ‘:'/
v ..-/ : ““‘ ’:;,
’ / “'J
z . : > z
) ) Ed =™ :’:'?,
£ ‘ 55
) . s T ) :
: - - ' ¢ { '
A "\ : - © s 1 %
N ® : o T ;: fﬁﬁ
., . \ ’ . "
pomp L | bl Samp e g . ' :?‘“-:
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. On?f the more stab1e b1s(tr1f]u0romethy1f d1cyano~

~

CHAPTER 2 - . S
REACTIONS OF LEAD TETRAACETATE WITH KETOIIE 1YDRAZOWES

" Lead tetraacetate (L:A) hds been ulde]y used as a reagent
]64

-

ﬁx%oughéut drganib chemistry, for alrost f1fty s1x years. ‘1t Ss a .

very versatile reagent and it rgaets with a var1ety of compounds such

as 1,2—91ycols,]65 sugars, giero1s,] 7 ox1m63,]68 aIcono1s,]6‘9 semi-

afbazones,]7o*?7] hydr‘&zones,w2 qzomethines,]73 azinés]7% and many

other organ1c n1trogen compounds 175 A. rev1ew of the ox1dat1ve cycllza-

t1on of de?1vat1ves of carbony] comonunds wwth a number of ox1d1z1ng

176

agents 1nc1ud1ng LTA has been pubi1shed In thas chapter, the dis-

.cuss1on will .pe ma1n]/ an the reactions of LTA w1th ketone hydrazones

>

2.1 Unsubst:tuted Hydrazones L

H- Unsubst1tuted nydrazones 13 are dehydrogenat&d te, the corres-

177, 178

pond1ng d1azocompounds 14, de01cted below (equataon [81}) -

. - % .
» o e

LN LTA - |
[81) - ‘:;>-4hu1 o
L o ::>CHOAC li““

B \

179 180" 18].and.

182

d]pneny1 d1azomethane der1vat1ves have been 1solated In generai‘

the react1on products ‘are subst1tuted monoacetoxy alkanes 15 or. daac?toxy .

;', ¢ ’

¥

SR Lol '—t 4j P S ]
R A I
|

3
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N

)

formed a]ong with the acetoxy]ated products

42

alkanes 16, resulting from further reactions of the intermediates 13.177’]78

With aTiCJclic hydrazones rapid reactions are observed aﬁd otefins are
177,183 )

2 2 Monosubst1tuted Hydrazones .

akn genera], ketone hydrazones 17 upon LTA aoxjdation, y1e1d azo-

.;;etates 18, in CH2C1 .or azoether 19 in a1coho1 medium, according. to

G11lws

" free rad1cals are detected by e.s. r durlng/the OX1dat1on of oxvmes,

equation [82]. ° « T

[82] . RR'C=NNHR"_

. ) . L J
17 ‘ S . _
~ 7 RRIC-NSNRY . 19 - s
/o / i —~ .o
R OR]’ - e o
°"| . <

The 1sq1at1on of azoacetates 18 was first reported by Iff]and

.1|

A free—rad1ca1 meghan1sm was proposed by h1m, and mére recent1y by

174 to exp]aﬁh the react1on W1th ketane hydrazones A]though '

/ 185

there is no 5uch 1ntermed1ate in the react1on.w1th substituted hydra- T
¢ ’ - . -
zones. 186 The rates of these react1ons'were fbund to be more rap1d in T

186

po1ar soqvents suggesting a po]ar mgchan1sm (Scheme II) *Reactions

4

RR? C=NNHR"! sy " RRECEN-NHR"
’ . —OAc - : :

L LE-ER‘@:{N{NR"" e

+ Pb(0AC), .l

, . RR.’C"N'—‘NR" . ‘ 2\8; ‘ | N . ¢
r ) [y OAC N i . K . )

SRS séh‘eme 11 /Q\ IR S
LTA . o % 0 T e

rd
-,;.-.;d'_'-'-«u'_w ca"

ST

R
PSR T T ;,‘ 1,

%o et

ot o

e o i

N + . ~
Myt By den et Y

'
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'sulphonyf; and toiUenesulphonV1-hydnazones of atetone cyc]ohexanone “and

[}

e . 43,

-

-
LY

carried out in aicoho]ic so]vents yield azoéthers 19 which'arise by an.

l S

‘1ntermo1ecu1ar dlsplacement of the 1ead salt in 20 and not by exchange

with azoacetates ]86 ¢

A wide range of azoacetates 18 has been prepy ,184,186-134,

Tne azoacetates -are useful 1ntermed1ates for further sjnthes1s Azo-

.’

acetates are read1]y CJc}1zed in the’ presenceJog_Lewws ac1ds to 1nd-
AN

195 194

ozo]es. ‘Freeman’”" has developed a new route to subst}tqted,CJc1o-

propanes (equation [83]).

i

190 196

.Bhati has studied the reactuons of LTA w1th benzene-

-

. . >
benzophenone. " The paﬁent ketones and n1trogen were obta1ned ‘as - 1dent1-

fiable p%oduets He suggested a d1rect-ox1dat1on mechan1sm for the forma-

189

tion of ketone Later, Norman 1nd1cated thaQ an 1ntermed1ate gem1na1

d1acet0xy compound that decomposed to the ketohe ‘may have been formed

The LEA ox1dat1on of’ benzophenone N—carbethox;nydrazone was
107, , "

‘reported to g1ve a complex m1xture of products~uh1ch 1nc1ude befizo-

phenone, the expected azoacetate (28% ), and a rearrangement product,’.

3

2~0xo l 1- d]pheny]propyiethylcarbonate R

RO -

Ketone carbony]hydrazones af type 21 read11y cyc}1ze on treat»

' ment thh LTA tos 3-1 3 4 oxad132011nes 23 (equataon [843)



| : N
. - o 44
S ﬁ i s , ﬁ R MM R ‘
' 841 T RRICMNHER" .——> [RR'CH=N- CR*] —> - XO)Q_ R
L L ; | e R .« DAc E
"‘This cyc]*izétiOnu(equati‘or) ‘[8,4])Aw‘as' first r;‘po‘rted by Hofféléhn."ws".zq] .
He 'e'n‘vis.éged‘ an iom’c niec-han'ism for the formation. of 23. This in\/o]ves
f1ss1on of acetate ion from the azoacetate, presumab}y dn 1ntermedtate, ..
‘f 2 fo]]owed by attack on the resultlng carbomum ion by the carbonyl oxygen . °p
\ ’ C and subsequent‘ly m1grat1qu of acetate'wn to the carbony] car‘bon. Jhis f‘ oo
_ o ‘ cychzatmn was also -opsérved by No_;‘mam.].89 Howe e:r, he suggested a . . K
’ f: : ~ polar mechamsm that does not 1&nvolve an azoacetate mtermedwter (equa- o
:\?\ . " tion [85]) Both workefs have fo'und that the A3—1 33, 4 oxad'nazohnes.@ )
:‘T T ~ ' Ios.. nnrogen on warming to form the epoxzdes 24 (equatwn EBSJ) ’ |
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2.3 NN Disibstitisted Wydrazomes . ¢ .. s o

* at
I

Thevazoacetates’18 wére also formed (up "to. 75 ) from LTA ox1da~‘

At
- ‘\
K . \‘* « “

txon of N l d]subst1tuted hydrazones. 202. This freaction 1nvo]ved astoi- -

. - s
. . - »

o ”f ch1ometry of 2 1 (LTA hydrazone), ih. uh1ch the f1rst step 1nv01ved a,
T - dealkylat1on of the hydfazone The alky] gr0up c]eaved in the react1on

. - was converted to the c0¥respohd1ng a]dehyde or ketone. Cle&vage of e1ther ; -
- . N k. & . . . ) 3

PRI tert~a1kyl or aryl groups uas not observed The mechanlsm of this react1on .. N

T ) of d1subst1tuted hydrazonea, however 1s not clear. ° o B =
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= 1 o x-AZOCARBINOLS S ‘ ‘
Comﬁdhnds of the type 25, wwth an_azo 11nkage and a hydroxy ‘

group in gemlnal Juxtapos1;1on, are extreme]y rare.. . ' .
// \\ R , oL ' S -

" b 2 NNR -t y,’ . '. . -

these compounds may be vwéwed as adducts of alk/ld11m1des and aarbony] R

’ h N 5 B "‘ ‘- "l '- '~ . . - - . “ : * ) R
~t «"‘ , . - . N . ) . N

One reason for the rar1t/ may be due to the1r therma1 1nstab111t > Swnce ) //(f‘. .
?

compounds¢ it cou]d ‘be- a%sumed that they would d\compose reads}y, w1tn ,,‘T' l' f‘“a
N ol T

loss of n1trogen to a carbony] compound and a hyer;arbon. Severa] ‘ T
names for'ZS have been used bj di fferent chemISts 1n the 11terature, ‘. ‘ ’N"'ﬁ‘ ' }
such as u*h/droxyazoalkanes, u.hydroxya]ky]d1azenes, sém1aﬁnnals of ‘ :

d11m1de and a-azocarbznols. For coggenlence sake, xhe~name a~azocarb1nols .

)

1§ choéen in’ the present d1scuss1on fn referr1ng to compounds of type 25. . »

QThe f)rst a-azocarano], T i ~d1hydroayazocyclohexane 26, was R v I

12035 204 196§ Compound 26 was obta1ned as.a el S
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L f‘-‘ Between 1968 and- 1971, Hun1g

"2: add1tqu qf d1azenes to carbony] compounds (equatmon [893) R {

- ‘ LI
N 4
5 ~ =
- " n
o L
~ » ‘ .
»n .
v .
: . (U < o=
.
< . 7
- A 4
’ i+
r N . §
| ) N

Grystallzne solid upon treatment of hydrbxy1annne-0 su1f0n1c ac1d 27
wi'th cyc]ohexanone ln a]ka]iné solut1Qn at ]O°C (equat1on [86])

An- iso-oXime of cyc]ohexanone 28 was¢suggested as;an 1ntermed1ate in the

t N L&

'formdtibh df ;§. Compound 3, decomposes read1]y even at room temperature

to cyc1ohexanone Jh1trogan hydragﬂne and cyc]ohexano] as maJor products.

' The decompos1tlon made may 1nv01ve a rad1ca1 chain process.20 At -15°C,

compound‘26 was stab1e for several days in the absence of oxygen,- However,
with air presenta 26 was’ conVertedhtO the peroxide gg in a.féw days
(equation [871). - .

L e,
.[‘82}'2‘ "' gﬁ . e E g

- . 205 208 repor‘ted the synthes1s of

»“ a_series of a—azocarb1no1s of type ;g,_yiéijo mgthqu:- the actign of
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base an a?koxy81azen1um sa]ts (equatIOn {88]), and more general]y, the B
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[89] " Ry . . R P .
' '\-\'-:m C+ R,CHO \N“-‘N H . I
.'—' ' 2 '/P-—_‘-:> \ / /‘,I ’ .ﬂl ' ‘ N . r &‘
T H N ~ X S . i /C "' . -. l ; . <.
1 R N_N CO K . _j: v ., B - 2'.' ; ’ . y | . I‘ .‘ “i. ,;-..
T ,"Compounds ;g Were shown by u.v, and i.r. spectra to possess trans- .

. . .
\ I

tereochem1stry about the azo bond with 1ntramo}ecu1ar hydrogen bondwng ' '3;

- ) On ester1ficat1on by écetlc anh/dr1de pyr1d1ne mzxture 3b gave the azu- '; o
ester 315 wh1lst tueatment of an etnera] soTut1on of 30 w1th HC] gas.pro~ i ' é

’duced the hydrochlﬂr1de 32 of thg 1somer1c ac1d hydraz1de (equation [90]) ‘ .

a ', '.\ : N TA ;;
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E NN " ’ ) : ) ’ o K _—’) f‘: .. R
o . . Thermo]ys1s of 30 at raom temperature gave a m1xture of aldehydes., Th1s s L
oo v _”result vas exp1a1ned as 1nd1cated in Schemp III Rath A was cons1dered z
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more 1ikely than path B.

e -

, Scheine i1

S RICHEM o H

L
AR HO R2 SRR "\\\i ,
| , . L . R CH, )

. q . e -V , C
_ R, CH=NNHCHR " RyCH=NNH, - T

U R N L
v L Ve I

RGO RCHO R, CHO -

oA SRR
————>_ R{CH,MH=NH + R,CHO

\( z/

The mechan1sm of formatlon of 30, from alkoxydlazen1um salts, as

suggested by Humg,207 1s ShOWn in Scheme IV. - . -

Y

- Scheme IV .
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:diazene 23 and the a]dehyde ;§. The existence of free diazenes was

supported by the-formation of 30 from reaction of aldehydes with alkyl-

diazenes liberated from azocarboxylic acids (equation [39]). IntrGduc-

tiqn of either a new aldehyde or a different diaikyldiazene into the

react1on mixture resulted in its 1ncorporat1on into the vroduct 30. This

observataon prov1deq further evlﬁence supporting the mechanistic route

in'Scheme v, . f

Compounds 30 were shown to possess trans-stereochemistry about

the azo-double bond. The non-isolable cis- 1somer ;g can only be observed

in solution by irradiation of the trans isomar ;g {equation [91]).

R, /
2~ :
« R _C—H
. ‘ N 1 / \
(911 3 — \ZN=N' " OH o .
r » B A
- .+ 36
4 ~

'Qn'the\other»handfcyc1ic alkyoxydiazenium salts ;z, ;g and ;g give

pjsfa-azocarbinols &9’,9L‘§“d'§€p respectively {which were also not iso-

lated) directly on-;reatment with hydroxide ion (equations {92] to [94])2

o
e on = H
L2} .-l a0
‘. “ ,/
OH™ <
. 7
_’v.. -
OH"~ )

W

A T

e
Py

P T A
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Certain cis-azocarbinols with seven-membered rings dimerized amazingly

easiiyltg 14-memberedrrings'ﬁg and‘dj with trans-azo doub]e bohd§ (equations

[95] and [96]).

groups has been established.

{35] [:;:1<H
- \O

. Ry,

In 1969, Freeman

»

The structure of these. rings with their unusual functional

208,209

42
H
H N
a3
> "~
H

-
'

o v

2]3 211 reported the preparation of a var1et/ 0f

Stable (x1net1ca11y) a- azocarbwnols (ﬂv, 3 hydrox -3,5,5- tr1meth/1pyrv

azo]wnes)‘ e1ther B;/Eontrolled hydralysis or by hydrogenolys1s with

sodium borohydride of ﬁg (3-acetoxy-¢]—pyrazo]ines), equation [97].

-

~

These a-azocarbInols undergo both ‘acid- and base- catalysed rlng openlng

~ to glve ketones.

The ac1d reactlons produce both saturated and unsaturated

-

ketones (equat1on [93]) uhile the base reactlons yield only saturated '

kétones‘but prlncypally those of rearranged carbon skeleton (equation [99j),

P 2

R

»
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[99]

3

wtoo 0
Y ‘
’ n
ig — R3CCH2CH“2R1
major
©OH” 21
5 — CH - R
g '
R2 0
major

+ >c CHC R,

m'lnor
R, 0
I .
4+ . - -
| >pHCHZ C-R,
Ry .

minor .

52

LI

Ester1f1cat1on of 4~azocarb1no1s iu to 3,5~ d1n1trobenzoates
was also reported Alsa, 45 may be ether1f1ed under closely contrO]]gd
_conditions (equation [100])
AT }/NN Ry R e R

- X \&\

Ha/l'f\/ N . ocn

30 AN Hat .

(100] 45

conc. HZS?4
R] =N ,R3 CH30H -R] N=? R3
;x\ : : ‘ > ':;5\ )
R2 0”2'. - .R2 ) OpH3

: 2 Compounds 45, vere found to be quite thenna]]y stab]e and could

be kept at Tow temperature for long per1ods u1thout apprecxable decompo~

sition: Houever, after severa] weeks in air at room. temperature, 45 was

i - o
3

_ transforned in h1gh J1e]d to a peroxide 46 212 (equat1on [101)).

[10]]
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Nzth extended heatlng at h1gh temperatures, 46 decomposed to keton1c v

g ‘\ ) products. i .':- R “: . v PN ‘?‘
A A somewhat more comp]1cated example was reported ﬂx&ﬁQ?O by h . R
. Southw1ck2]3 wherein the ox1dat1on of the a-hydroxyhjdraz1nes 47 jle]d i
1 the azocarbwnols 48 (equat1on [1@2]) T oo e
- \ - ‘\ ,‘ LY L ) ' ) ~ ' -
A " e \ P
;o CHaCOgH ‘ . ’ AR
ST ’ - 1 . J
s ‘ 3
.:- e Y .‘ ..‘ ‘-r‘ . \ . \ - .
o The presence of the c1s-azo 11nkage in 48 was shown by 1,' ared absorpt1on ,
<. S0 ate 6 45 u 214, and u]tnaV1olet absorptxoh at 342 mp. Compounds 8 gave,_
o txp}cal pyrazo11ne react10ns. thermaT decompoextlon to cyc]opropanols‘
] P ;’1f 49 and acnd cata1ysed déhydrétaon to erazoles 50, (Equatnon [?03]) o S
*f]\g3j e Y
N ." LA L ’ o ot
e . e . eg- _7__ ' - - ‘o . - :
Lt Y 50. P
.4} . > h ; . - u-_, . . f' ;:
: s n'f’V‘n- ) : B ‘ R’ ° . D e
el A T Another examp)e of;gn azocarb1nol was reported in 1970 by ‘ f‘ AN
' A;A" C 1agator and<Kamafa.? v They synthes1zed«2 (5 5 dzmeéhyl 3~ﬁydroxy—1- _'-l'-;:”_‘c.j
e ‘ g?fif‘ Pyrazol1n 3~yﬁ)~é-methoxy-1vtetra}one §j by the react1on of 5, 5= ﬂ ," : ‘:;; "?
SR ‘do . R e,
e N drmethyl l-pyrazol1n-3~one.§g w1th 1he~bromomagnes1Um eno]ate of. 6- LA
A »::_ E ) ‘J ) J;
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“f R Recently, a new type of azocarbrno] A Was prepared O’qu i 7,» .

tetraione magnesium

4

=0 enolate

- . ' , e " s2 -

' N - . . ro~4

Reflux1ng 52 in 2 4 6- co]]]dlne resu]ted in- 1oss -of n1trogen and ‘in the o

format1on of the cyclopropano] derivat1ve 53 (equatvon [105])

th}s 1aboratory, by treatment of 5 5~ d1methyﬂ~A -] 3 4-oxad1azo]1n 2-
_one 54 w1th methy1}]1th1um 1n ether at 0°, and subsequent hydnolysis,

1ead7ng to 2- hydroxy 2, 5 S—trlmethy1~A3*J,3 4-oxadzaon1ne” (equat1on

E / CompOund 1 was too unstabie to~be ﬂsolated anaTyt1ca11y pure and its ‘ e
iy A AT e ) e
"structure was estab11shed f?om 1ts §pectra and 1ts dac0mp051tnun products ‘
s "wIn benzené sdlut1on, 1 decomposed'tb 1sopropf1acetate neariy quant1tata§é1y
* "“~-’.‘. .;'\‘l': '_'—:, r""-."-"": '\: . “ ‘ " - ot oY ": ~n _;
L _'. ; .:-: ..v. .N.: ‘;‘ . " 2" : A{ - :"\ - RO
;,‘ " » - .“: ":,' JU' ;' A - . ,“: S
~ ” AR )
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(equat1on [107])

s

The mecnan1sm of its decomp051tlon Was confxrmed to be

a free rad1ca] chain process both by rad]cal 1nh1b1t1on w1th tr1phenj1- o \

R QOmpdund 1 is such a good'hydfogen donovr that even phenoxylraatcd1

from 2 ,6-di-t-butyl-4- methy]pheno] can abstract w1th ease.

stannane and by radical sp1n trapping experuments.

cel]ent cha1n transfer ab111ty of 1' makes it a good reagent for rad1-

ca] chaln add1t1on y1e]d1ng~sma11 molecu]es.

tiary acetates were synthes1zed v1a\rad1ca1 chain processes, from the

react1ons of 1

shoun below (eqqgtiop [108]).

w1th unsaturated compounds
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.+ . CHAPTER 4 RE .
. DECOHPOSITION OF 13:1,3,0-03ADIAZOL INES o ,f_ S
i The thermolys1s of azo: compOUnds has been rev1ewed»prev1ous1y
(see Sect1on 1.2.1): /In th1s chapten, we only mention the decomp031t1on
-of A —1 3 4-oxad1ang1nes, whxch cam be cgos1derod as a spec1f1c examp]e

of the thernp]ys1s of 5~ membered cyc11c azo compounds T
¥ The A3 1 3,4 oxad1azo}1ne ring system 56 has been known for

almost s1xty f1ve years The ear}1est exampYes, reported in 1911 by v

-

PR A .o * Al y

.
. ' . ]
.. . - :
- P . 5
PR S v . B L

I

P AN
T e 0

. N L. . o~ - . N__"—C :', ' “' ., . s
S ‘ F\R . ‘ -
\_' . , ,’ ) i ‘(. . 4 ,l' ‘ l vy
’ Sfé]lé and:Laux,246 Werezobtained by react1ons of mercury w1th bisdiphenyl-
ch]oromethy]furod1azole 1n benzene (equataon [109}) ) : : - )
'Cl/“ S DT v
A S R N / \ -
[109} Ph C'C C-C- Ph '—*-9 ‘Ph CQC C=CPhy -
,/’ CCOH, 2 \\\ //7/ 2.
) 6 6 ce 0 s
) :‘I - . " "“. g ) . . ' /‘ 57 o s - . “p 1:
M . . . Lo ce ‘- E .N c-.~ R . oo N . -i .
- 217

Lt was observeq in 1938 by Schoﬁberg that benzophenone and .

f :
d1pheny1d1azomethane were obta1ned upon thermoly51s of 2,2,5, 5 tetra-

pheny1~A3-] 3, 4-oxad1azol1ne 58 The d1pheny1d1a20me‘hane was a1so ,r:‘:, ‘
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reﬁorted to detompose futther to benzophengne 4zine and nitrogen. The’ g o

3 ]

coopound ngwas obpaioed by the oxidation of benzophenone oxime with

potassium ferricyanide. - However, the formation o?:§§ from tht benzaphenone -
“ 218

L

oxime oxidation with botaSsium ferricyanide .was dispyted by Anwers

and Dyer 219 They both claimed that the product of oxidé@ion was o
élphenylketazinoxide 59 instead of compound-53.
v W=il ) o - . oy o
Ph,C CPh, - . Ph,C=i{-ll=CPh g
2N 2. - ‘ A A - o
0. ) 0 . $ . oA .
58 ' ' 59 e -
~ - . ; N
Scho'nbérg2 pub11shed the ox1dat1on of di~p- to]y] ketox1me and p,p'- e ‘.".‘;;
d1methoxybenzophenone oxime w1th potass1um ferr1cyan1de in 1939 In ooth .';?i:.\'éﬂ
- cases, the product was claimed %o be the 2,2,5,:5-~ tef?aary]-s3-] 3,4- ;'ff‘ j
oxad1azoline, support1ng his ear}1er observat1on . L fat:' éi“
In 1960, K1rmse221 stud1ed the photo]ys1s of oxad1azol1nes o7 'j_
® o
. A
and Qg. Compound 60 was found to be labile to u]trav1olet Jight wvite B
'57 vas ‘stable. In hydroxy] free solvents such as benzene, 60 decomposed "f”': .
to d}pnenyld1azomethane and d]pheny]ketene However, in hydroxyllc B ,. fiﬂ
solvents such as ac1ds or’ a]cohols, " addition products were obta1ned o e 5;%
v, . v s ) . ' B -}l.
(equatlon [110]) Mechanlsms were not given. o SRS 1
) : : PR T . . ) v
- . , . R - B . 2 i .: o “ \‘ . ; . P ; :
’ L | N=N L L .o S .
s . [ L [ .\ <. R k3 . X . . * . , vt - . " ~ «?
R g 511} thc—c< )/CP.hz N N S : i
L 't'lo‘ ' M ' - .
| hv /L hz . ) ‘ e
” ,’ ' ] ‘ - GHS ~ 1. ¥
C 9”5‘;‘, %(: \B ¥ ; s L . P
Ph C-C-HHN=CPh, .. PR L ,
‘ .Zf M d‘ I C. hz. ':", ‘ ~ /.’ -.-. oo . . ' : . ' -_; . : ‘.‘ ., .§~‘\’.
Tl OR. - \f, e ”I:L ; 'g’; % 153’;‘}3? PR ‘“ﬁ,svg R %
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< “ L 2 . 58
chhegdazz“ revieued the work of K1rmse in 1968 and suggesteg a méchaniétic ,
e -"scheme to acc0unt for the observed results" In. 1964 Gambarjan223 re- .
ported the preparataon of a fluora substxtuted oxad}az011ne 61 from~€he ' o
« . ' . ¢ a s 7
CC ", Freaction of etone W1th the d1azo compound (equation [111]) . o o .
A _1. 0.4(:2\ s e g 0 . 'QZIC.Z\C/N N\'\C’M‘H‘ e
- 11 C=0 + ‘5N=CHC t - 3 PR N S VR SRR . 1,
o X SRRPZ TN BN e,

- . ‘37‘ . .. i
\.‘ ¢ . . ® :v.\ ' ) “ A " kr"
. « ~-E\‘. , A . ‘; -
; ISR S
J ‘ k L .0 - . . o
; A o - ' '0 S PR _“’
ST UL R FH + G, C-itHCH: P ‘ A}
DRI Ogdc Zﬁ. pC 3C JHC 2 o K 35
o : L. ~"‘ ) L A ‘.4 - R ' . LU - 3 ,.:.“.
P S : g N N CHCO?E‘G ol
': :_-.. ~ ¢ . ." } = . :
v N ! : . -‘A v .'v.;‘ A ;,\‘ : ; "‘I-I-:' + ’ 3
Lo On thermo]js;s, o} gave the epox1de 62. “Reaction of 61 u1th benzy1am1ne ) :
J'. L.— - jf“ ,"_ 1,' . “\ ("’
=T ’: ylelded g1fTuofonntr0methane N benzy1%r1f1uoroacetam}de and ethy1 dt- . e
oo azoacetate (equatxon [JJ?]} :;~ S A »
L S e : T N
B .ﬁ:‘ﬁ . Ketocarbénylbyﬁrazones have been observed to yier Al -1 3.8 o e
. MR F:‘__, - F
i ’.f"*",' {'-, . - PN SN
o RN - oxadlazoi1nes on treatment With.. LTﬁ (see Sectwon 2 2) ch’f’ma«snn]98 201 . o
MY ,: . s . "N r l'- 5 1
;_ ‘.1‘ ;'; P s,. ./ . M . . N .-‘1:_
SR Ia BTN d d1scqssed the methantsms-pf format1bn as we]] as subsequent reac€10ns o
SR VS RN X . . .
:‘L,,“ “:. -." K i ) N .‘
' TN -f:'ypf oxad1azo]1nes from ketone benzoylhydrazones w1thﬁITA ‘An 1on1c o T . v
PO P T B g . e i T N -
IR n:'; mechadlsm was propesed wh:ch anmives f1ss1on of aeetate 1on From the AL
' ':. " ‘.“"-'.:. e ". ’ et 4 ."'\ N tw e o“ T } ":.
' i g~“3.‘-azoacetate fo]1qded hy attack on the resu3t1ng carbonwum ion by the o
- nffihi, R R ' s o
. / ot carbonyl oxygen andvsubsequent m1grat10n of qcetate xon to the carbon/T .
R I FAAE carboﬁ (equatwony{l1zﬂ) S .:“‘ f,., s T "::- . b
- '.- v B “o SR BRSO
, e ,'{ T g ..'-_',‘.,_"1’ o Ty e e L L
SRR L RN
.” ‘h ‘ ; i 3 ~\Q “\. s v ~', \, . . ) // ., f"
ca e ~‘., . > , .-‘ .h‘:,:.. ) JF . . - o : ‘:'_.;




. . R
. f
. R .
. , ¢ Y ’
~ - v T
. . 3 » .
. L ) . R . .
. . j
. M ~ -
. » .
+
{

59
0 . - N=N-C-Ph N=N
| R.C=iibPh, - RR.CT R.R.C Scopn
[112) RR,CEHICPR, + R{R( >R, O |
H - OAc o o
‘ “0Ac l; I B -
NER ' - »f ={{
. v \ e
- ) : cph————> R.R.C

R.R,C
172 ‘\\\O/,/f ~OAc. 1 2“ .
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N . v ¢

However, Norman]89

sugéested a polar mechanism which does not involve

an azoacetate intermediate (equation [85]).

The oxadiazo]ines 63 were found]83’198-201 to be thérmé?]y unstable

and décomposed to the epoxyacetates 65 Wh1Ch on heating, gave the - *
- a-acetoxyketones, §6. The decomposition of 63 to 65 wa explained by
postulating a carbony]-y11de 1ntermed1ate 64 formed by loss of n1trogen
from 63 wh1ch subsequent]y c1osed to give 65 The ex1stence of 64 was
’conf1rmed by prapp1ng experiments W1th norbornene and dlmethylacety]ene-

i

d1carboxy1ate (equat1on [1]3])

oy
& - ’
[N .
*

N N Ph

0-50° 1\ / h- Rw\
[113) R]Z\)( - ./\ \ /c\/<

e neozcaccozrze _ R J/ 3
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'R] -and RZ’ 1n Schene Y. Jnen R]

were n1trogen, the epox1de #i’ and the u«acetOXJ ketone,GG {path C).

1] L. ~
‘af acetic andnben;o;c “annydrides (path A or 'B)

-~
” -
-t

-

The oxadiazoline 63 was hydrogenated giving_the original hydra-

zone {equation []\4]). Treéatment of 3 with ‘sodium ethoxide led to the

ester 57 (equation [114]).

e
[114] Ry “H=il  Ph .CN-N Ph O
N H, 1\
/X  —— % \,\r:l :——*——) R‘RZC-N-N C Ph
' R 0 OAc OAc
,/"\__~ . 2 ) 2 5
L8 , - ) + HOAC, -
‘ OFt.
. 31\0/: =N , P R]Q\__ . . Ph
e - CH —_— C L + CH,CO,.Et
ARV 3 TN 372
Ry N, AN, —C0ET TR, 0 Ng .
v ' 4 O— {
EtOH
. Ry ?
. C . Ph
3 - TR > \0 C/‘ ’
- ‘ s . .z if .
- : . \_/ .-0

Tﬁe ph@toTySis“bf 93 was also stodied. 'The mechanisms of‘the

photaolytic. react1ons were.pﬁoposed to be dependent on the subst;tuents

3, =T “5’ the photolys1s products

'

" When

R]Rz = —(CH )5-, the produc (ene cyclohexene, nitrogen and a .mixture
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RZ: Ph
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Schere ¥
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‘those reported by'Hoffwmann.

62

A L 224 :
In 1967, Rajagopalan and Advam reported the 1,3-cycloaddition -
reagtions of the carcvonysl-ylides resulting from the mild thennolysis
of the‘oxadidzdlines:gg. Using l-phenylmaleimide and dimethylacetyline- .

dicarogxyslate as trigs. they succeeded in isolating adducts simlar to
198-201

. i, -22%9 . .
Previous uorkers]7) 225 22? in this laboeratory have synthesized

:3~1,3,4-oxadiazo1ines of tynes gg, 63 and ZQ, either by‘thg oxidation

y . ) - ]
of ketocarbonydrazones or semicarbazones with LTA, .
/R‘ N"‘R1

Tl R, |

4 - . 69 3
58 82

‘Thermal’ decosposition of oxadiazolines ~5 involves Joss of nitro-

gen to form a four-imembered azomethine imine ,1id Zl,226h228 (equation [115]).
; //0 ‘ ‘
A R 3
(N3], 68 >

N - R 4 .
' . T 13 . ) -

. . . . it

- . Thermolysis” of oxadiazo]ines‘xj gave products arising from two

" iodes of decompositidn170722§'(unﬁtion [16]). . | 5
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Pyrolysis of bxadiazo]inés’ZL proceeded predominontly via ohe

223 .
of two wechanistic routes, depending on the solvent used (equation [117]).
nonpolar solvents

[ - > R]R2C=O + N2 + €0
{117] 7 —

I polar solvents + -

- > R]Rzi=u=u + COZ’
R]R2C=N—N=CR]R2 + N2



CHAPTER S

RESULTS AilD DISCUSSION <

5.1 Syntnesis of -Azodipnenylcarbinols . : g

a-Azadiphenylcarbinols 73 were synthesized according to Scneme
VI. The first step involves the preparation of benzopiienone H-monosub-
stituted hydrazones, either by direct condensation of benzophenone with

corresponding substituted hydrazines or by the reported reactions of
alkyl Tithium or Grignard reagents with diphen}ldiazomethane.230’23]
The results are collected in Table 1 together with their spectroscopic
data. In many cases, the hydrazones prepared were used immediately for
subsequent reactions (i.e., bromine or LTA oxidations) without prior
purification. Yields of the products were of the Ofder'65-90%i The
structures of these compounds were readily established from the apprépriate
spectroscoﬁic (p.m.r., i.e., m.s.) data (Table 1).

The second step is to convert the hydrazones to azoacetates by
oxidations with either oromine or LTA. N-Monosubstituted ketohydra-
zones ]7 are known to yield azoacetates 13 on treatment with LTA (equation

[82]).. This has been rev1ewed in Chapter 2 (page 42). , s

The reaction of bromine with Ketdhydrazdnes in acetic acid yie]diﬁg‘

%

azoacetates is of importance because this prebarative method'is comparatively

cheap  and easier to handle exper1menta1]y than the LTA meihod, a]tﬁbugh
the y1e1ds obtained, in general, vere 10wer (Tab]e 2) . Two p]aus1b]e

jonic mechan1sms can be suggested for th1s react1on dep:cted\ﬁn Scheme VII
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Path a 1nvo1yes the nuc]eophalxc attack on bromine w1th anch1— :
meric ass1stance from the lone pair electrons 1n the -amido n1trogen a-
to C=N bond. Fo]]OW1ng 11berat10n of HBr, compound 74, is formed which"
‘1o

yields the azoacetate 72 by e1ther an SVI or S 2 process. The SNI pro- |

cess may be mbre favourab1e thah«SN2~s1nce the s1te of attack is a bit o 5

too hindered for the SN2 process.

-

Path b involves the ]n1t1a1 attatk on bromtne by the amido nftrogen{
analogous to the postu]ated attack on lead in LTA oxidation. 183 The pro-
'duct azoacetate 72 is thus formed by resu]ting attack on compound Y
W1th acetate 1on in either the sN] or the S 2 process

No reports an the brom1nat10h of ketone N-monosubstituted. hydra- -
zones*appeared in the 11terature a1though the reactions of bromine with
aTdehyde monosubst1tuted\hydrazones hatg?been extensively, 1nvest1gated 'L *

‘ by Scott/z34 The on]y example in close ana]ogy to the present case "is :

the ch1or1nat1on,of tert»buty1acetonehydrazone to 2~chloro-2-tert- buty1- )

égyopropane, fo]]owed by solvolys1s to 2 -acetoxy- 2~tert buty1azopropane.

A -

recent]y reported by Ma]ament (equat1on {118]}.

\

T —— c1 - HOAC:' ;
L mal ccnggchtqnc(cu3) ——-H—aa (m3)zcn NC(CH3)3 W (cu3)zgn uc(cn3)3 i
' ) ) ’ . “ ; . OAC ! .'r€-§i

Based on the results by Ma]ament, path a ‘is mOre 11ke1y than

.
e, ¥, L T

’ path b. as the mechanISm for the brom1ne ox*ﬁatlon of ketohydrazones

The y1e1ds and propert1es of alT the azoacetates prepared are L -' .t

v
e v

-
IS
i
Pl

assemb1ed in Tabie‘za Yields of the prpducts Were 1n the rangg of 20

to 80% A s1ngJet peak at 6 2,00~2.10 1s present»}n the p.m r. spectra

« % :
-

i e pnte 5 ®

~oe
.

of a]] the azoacetates (Table 2) Th1s péak 1s due t the protons 1n , |;',_'i Sk
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?

the acetate group in the compounds A strong band. near 1760 cm"] is

present in the i.r. spectra of all the azoacetates (Tab1e 2), wh1ch is

'due.to the stretching of the C=0 bond of the acetate. Most of the com- .

\

pounds decompose‘at their me]ting points (Table 2).
189

"

Norman reported thap treatment of benzophenone benzy]hydrazone n

w1th LTA caused evolution of n1trogen 4elding 1,T,2-triphenylethyl gce-
tate‘( %) from decomp051t10n of the 1ntermed1ate azoacetate However ,
about 33% pure crysta111ne benzyiazod1phenylmethy] acetate was 1so1ated . fhk‘
“in the, present work Norman failed to obta1n the azoacetate 12 (R = ‘
benzy]) most probab{y because the reaction was not carried out at low . ‘ N

temperature Besides, the so]vent (CH2 2) was removed by d]st111atlon,“

which caused the azoacetate 72‘(R = benzy]).to decompose. . . - P >

= F ,.'

Treatment of azoacetates 72 W1th methyl 11th1um in ether at . ,;

-TO°C, fb11owed by acidification with NH €1 solution, gave a- azodx« -

|4

pheny]carb1nols 73 in the final step.. N1ne such azocarb1nois Z%,wh1ch

Were_prepated are listed in Table 3. together with m.p., spectroscop1c _ S o

VAt e g

data and analyses. *Yields were of the order of 70%. The presence-of
hydroxyl group 1n these compounds is conf1rmed by.p. w.r. as wellbas i.r: R
spectra. JThe bgpad 51nglet peak near § 5 80, wh1ch d1sappeared on - -

shaklng with.D,0, is present in the p m.r. spectra The band near ‘Q\ T **i:f

2
, 3330 cm -1 of med1um 3ntens1ty in the .. spectra of a]T the azocarb1no]s '
73 1s attr1buted to the O-H stretch1ng Azo (H N) stretching bands o
were “not observed 1n the i r..spectra. waever, the Raman speotrum of V.
tert*butylazodlpheny1carblin 73 (R t-butyl), taken 1n the sol1d state ,. e
at room temperature, showed N«N stretch:ng at 1587 4 cm The peaﬁ.at .‘91 "Jtt %ﬂ

1650 cn, -1 (CO of benzophenone) 1u:the i, r Spectra of all the azocarb1nols o 1~;¢
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" increased in intensity with time as decomposition progressed.

*

< -

%here are faur aZo&aﬁStnols zgrwhwch cou]d not be 1solated in

pure crystal]ine form (Table 3) Their structUres were. estah11shed '

from their spectroscop1c data, sp1n trapplng w1th.n1trosobenzene, reactaons_
o w1th olef:ns or azobenzene, as. we]l as. from their. decompos1t1on products

. 1n benzene and carbon tetrach]ortde (see 1ater sect1ons) E]ementa]

N ¢ ‘ ‘

' ana]yses uere -not. performed for . 50me crysta111ne compounds because they
S are’ not thermally stable epough to be sent out for analysis. ATT the

) azocarb1n01s thus prepared can ‘be kept at Jow temperature (about -10%C)

1)
LY

fOr qu1te a Tong per1od.

4

‘. Attempts to synthe312e 73 wpth R= CN CHZCN, N(CH3)2, {::> . CHQNOZ,

SOZNO were not spccessfu] c ' , .

..

5 2 Chem1stry Qf a-Azodiphen/1carb1noIs

5 2 ] Therma] Decomp031t1on , ST - .

"‘. ;b

5 2 ] a Decompos1t1on in Carbon Tetrach]oride

A]] the azocarb1no]s 73 prepared decompose read1]y at room tempera- -
‘ ::ture in- cerbon tetrach]orlde yxeldtng benzophenone, ch]oroform and the

‘ correspondlng chlor1des as the maJor products* Both the product analysis

4

:‘3end the kwnetTC studaes (see below) ind1cate that the decompos1tion of,

X .

73 s a rad1ca1 chaln process. : A proposed mechantsm is dep1cted

in Sgheme Y}IIJ "The radical R-, generated from 73, abstracts ch]orine

R from CC] giving the’alkyl ch]oride RC1.- The resulting trlchloromethyl o

rad}cal, a good cha1n transfer agent, attacks the hydroxyl hydrogen of
73 thus carrjwng the cha1n process. The correspond1ng compounds RH are[a
not detected th]S 1nd1cates that the rad1cals R abstract ch10r1ne from

’
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[119]  Rate = k[ 73]

76"

‘-

CC]4 much more readily than they abstract H frpm'2§, in dilute solutions -

of 73 in CCl,. ’ ’ . \
~7 4 . \ .
The decomposition rate of tert-butyl-y-azodiphenylcarbinol 76
(i.e., I3 with R = t;buty]) was, followed by dntegratina\:hé tert-butyl |
signats (disappearance of Zg and aﬁpearanée of tert-butyl chloride) in
the p.m.r. spectrum. “In each run, the data always give a\good fit to

the first-order rate law. However, the apparent rate constént Was
. - -~ 4 )
not reproducible even using the same’batches of Zg and the same solvent

(Tabfe 4)., It was also noted that the degass;§ samp1e§ always decomposed
much slower than those open to_air, .but ihg apparent rate,cdnstaﬁﬁg

were still scattered {Table.4). Theréfofe;wlg does not undergo the unimole-

cuTEr fisstion characteristiés of most azo dompounds (sectioﬁ, 1.2.1), for -

wh1ch the’ rate constant is fairly reproduc1b1¢ 1n d1fferent runs

-

under the same cOndwtions -Such, nbn-reproduc1b]e rate behavaour means

that 76 decomposeS via a rad1ca1 chain prOCéss, tﬁexrate of . wh1ch can

depend strdngly on the concentratlons of advent1twous 1n1t1ators and/or

L

Ve

1nh1b1tors and/or cha1n~fransfer agents - ﬂ;
The der}vat1on of the rate 1aw for the mechan1ﬁm in Scheme VI
1s s1m1lar to that g1ven in secﬁﬁpn 1. ? (page 32). Using the stead, state

apprd%1mat1on, the rate of d1sappearance of 73 is expressed in equat1on .

A AED N DN LT .

y o k[m. . Nz

\ ‘. a2 5K o
k [CC14} k2 EC014]
. T e e
x(if the chain length is.1ohg)i ;

"



Initiation:

Propagation:

Pl

Termination:

4

Scheme VIII

$ H=N=R . K

RCL + +CCl,

$73 . ——3 3 CHCI, + $,C0 + N
3 3t 8

2

2

+ Re

Re + 73 Ay RH 4 600+ N, + R
$T S ~ 2

2R- ——2 5 Combination

2R- 7———-ji———9, Disproportiomation

’ k.,
R+ + +CC1, —_t RECT, -
ky- . °

2. CC1 —L8 5 aye-cay

L3
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. _; a small amount of th)Ophenol (0 02 N) is present Thws ‘means that the

To fit the first-order kinetics, we have to assume that the termination

.step involves the reactions of trichloromethyl radicals with Re radicals.

&

The first-order rate expression is (equation [120]): ° ¢« .
K 2k3[CC1 i) %
[120] Rate ={ ——~——— (73]
. AN k / .

7 '

In the presence of oxygen, the rate of decomposition of Zg is
much higher than that of the corresponding degassed sample of 76. How-
Aever, we cannot conclude- that oxygen actually starts the reactions, be-
Cause oxygen can react with some intermediate radicais in ‘the reaction
to form perox} radicals which can themselves modiﬁy the chain steps and
the chain length. But, oxygen is a possible initiator in thig case,
The’largest onse;ven rate factor attributed tentatively to initiation

L4

by oxyden in air was about 165’(Tab1e 4) for so]utionslof 76 in CCIg.‘

The chain length of a radical chain reaction depends critically

-on traces of innibitors or chain transfer'agents._ In attempting to see

what inhibitors would-do in the present’ chain reactions, a small amount -~

*

of thiophenol was added to the solution df 76 in carbon tetracnloridev

"

It turned out that a.very large rate enhancement waS*thazned (Tab]e 4).”

The result IS very 1nterest1ng because th1opheno1, a good 1nh1b1tor-of

many radical cha1n processes,‘does not rnhwbit decom os1t1on o? 76

- * *»

In fact thlophenol (O 02 1) is. -an effect1ve acce]erator of decompOSL-

-
By

" tion of 76 in carbon tetragnlorlde (Tab1e 4) AS ment1oned prev1ous1y..

. there is no "isobutane (RH) deteCtEd from the deqompos1t1on of 76 in.-

0

[

ﬂcarbon tﬁtrachioride HoweVer, 1sobutane (abbut 60»? was formed when‘ .

3

‘F
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Table 4: Kinetics of Decompositien of tert-Butylazodiphenylcarbinol 19

73

at 35°C -

Concemtracion w | Reaction Conditions |k x 10 sec! | CRREREOY
0.231 cclys air | 5.6 0.0 0.996
0.23 ' CCI4, air 18,2 + 0.20 .0.998
0.230 CCl,> air 340 - 1.20 0.974
0.220 CCly, air 36.3 - 1.90 0.961
0.223 CCl,» degassed 0.34 .« 0.003 | 0.997
0.158 : CCly» degassed 0.45 + 0.040 ‘ 0.945
0255 CCl,, degassed 5.22 + 0.004 0.983
0.238 t CC14, degassed 170 ¢« 9.50 0.900

0.02 M CoH SH : v
0.243 C6H6’ degassed ' 0.093% + 0.0005 0.999
0.243 Collg» degassed  |.0.093% : 0.0016 0.997
0.457 Cole> degassed “ “b . , —
0.457 Celg» degassed b -
0.224 ' CHe» air ) .| 0.201 : 0.005 0.994
2 'Appqrent first-order rate cpnstaﬁ?: At the initial concentration
of tert:butylazodipheny]carb' ] spezified only the early points
(ca. 0.5 t]/z) were slightly of; a Nrst-order Iine‘thréégh the
qrigin. The plat included poinfs repfesenting up to four half-
1ives; o, '
b r in tert-butylazodiphenyl-

Between first- and three-halves or

. R
carbinal but fitting neither.

B e . -,
« . . 2 -

.9
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tert-butyl radical abstracts nuch more efficiently from thiophenol-than
from carbon tetrachloride. Phenylthiyl radical is resonance stabilized,
tnusyit is normally unreactive ih polymerizing systems except in direri-
zation. However, in the present case, it agts as a-chain carrier by
abstracting the hydroxyl hydrogen of 76. This abstracting p%gcess must

be efficient to account for the high rate. In fact, thiophenol acts

as a catalyst in the reaction; tert-butyl radical abstracgs Aydroggn‘

from thiophenol which is regenerated when the phenyltﬁiyl radical ab-
stracts hydroxyl hydrogen 6f Zg. A chain length of 1000 can be calculated
if it is assumed £hat the rate constant for unimolecular decomposition )
6f Zg in carbon tetrach]gride containing f?iobheno] is the same as‘the .
. rate constant %or decomposition of azoacetate 12 (R = t-butyl) in benzene
35° 6

(ky° = 1.26 x 10°

Pienol and triphenylstannane were atso found not to inﬁipit the

¥

decomposition of 76 both in carbon tetrachloride and i ben3ene, "even
‘;hough the-{atter inhibits chain decompositién of combound,l,ZO The{eh-
thalpy change of fhe reaction (equation [121]), calculated without con-
sidering the tonjugation in benzophenone, is approximately +38 kcal wnle_]

minu$ the R,-H bond energy (see page 92).
) S

-

$  H=N-R - i
[121] A + R1 —~ Ry + 4,00 + Ny + R .
' > OH ’ .

By N

When R]. is pheEOXy,‘phenylthiyl'or tripheny} tin radical, aH° is 651-_
culated:to be -37, -34 and -25 keal mole"], respéctivel} (see page 93)..

.

This indicates that there may not be any stable free radicals that -

- i

i

s']) and that the thiophenol did not contain injtiators.



were obtained if air was excluded (Table 4). Higher injtial concéntra-

“tions, however, led to hinetics which fit neither first- for” thre -halves

¢

~
“~

~

wild not attack\zg, because they have to form a very ueafgbond indeed

'(38 kcal mole_]) in order to have a thermoneufral abstraction sieo

(equation [121]). Such weak bonds, houever, are nat found i1n stable

molecules. Therefore, in\principle, the present reaction 15 a chain

process which 1s not inh?b}tab1e in the normal wayv; narelv, by adcing
*

an 1nhibitor which forms a radical so stable (see page 29 for the rechanises

of inmibrtor ac*xoq) thag abstraction by 1t would be highly endga,
thermic. It might be inhibitable by vartue of a high activation energy
required for an exothermic‘groce;s (equation [12%]), R]- = inhibitor-
derived radical), but a search for such inhibitors was not made.

5.2.1.b Decorposition in fenzene

Azocarbinols Z; decompose more slowly at room temperature in .
N ’ ) ]

benzene than 1n carbon tetrachicr1de.' The major products are benzo-

pnenone and the corresponding compounds RH. It should be noted that

the sthuctures of several non=isolable azocarbinols Zg (Table 3) can —

be established from their decomposition produtts in beniené (and carbon

+

tetrachtoride). For example, 2-hydroxyethyl-w—azod1pheny1carb1nnl,;§

(R = CHZCHZOH)~decowposes readily 1n benzeéne yielding ethanol and tenzo-

phenone as the major products. o . .7
The decompositi&n ofizg in benzene was studied in detait, it

was found that the decompositien was not well-behaved. At relatively

low concéntratiop of 76 (0.24 M), reproducible first-order kinetics

order. “lle chn'account for this in the following way. There are two

H
¢




competing mechanisms for the decomposition of 76 in benzene. One of
them 1s the unimolecular decomposition (equation [122]). There are two
péss1ble pathéﬁ_a and b, open for the caged radical pair (represented

by a solid bar 1n equation [122]) ar1§1ng from unimolecutar decomposi-

\]

tion of 76.
—~

; :ZCO + HC(CH3)3

\

-y P R —
” + - =4 2 . P
[122] 1, CmishisClOH )y —E5 1, COHE(CH ),

H . ° , . \

/

3

QZChOH + (CH,),CH=CH

3)2 2
Path a involves the formation of benzophenone and isobutane by transfer

of a hydrogen atém,from the benzhyd}yl- to the tert-butyl-radical 1in

the cage. Path b yields diphenylcarbinol and isobuiene by disproportiona- -
~ tion aTsp in the cage. The deccmposition of Zg in this way (equation

[122]) is, of course, first-order. The other competing mechanism is a

\
chain process (equation [121], R = R] = tert-butyl} which involves the
attack of -tert-butyl radicals at the hydroxyl hyqrogen. This 1nduced
decomposition should fit three;p?1ves order kinetics. However, Pt was
found that neither mechanism fit the kinetic data, but that both of
them were in ;ompetition in benzgne. The final products agree with the

.mechanisms reasonably well, accodnting for 93 of the tert-butyl groups
{91% as isobutane and another 2% as isobutene). The remaining 7% is
unaccounted for. Isobutene could be formed by the disproportionation

reactions of tert-butyl radicals in the chain termination step and by

disproportionation reactions of a radical pair (path b) in equation 1223.

» - N



.of limited oxygen supply (capped nur tube).

83

Trne former source is more likely for two main reasons. First, dispro-
portionation path a {eyuation [122]) is more likely than path b on

therrochemical grounds since path a leads to a C=0 bond wvherecas path b

leads to a €=C bond. One prece of evidence in support of path a and

against path b is that diphenylhydroxymethyl radicals are not spin trapped
by Z-rethyl-2-nitrosopropane but are converted i1nstead to benzophenone

235 Second,

oy trunsfer of the hydroxyl hydrogen ta the nitroso group.
the ciphenylcarbinol expected from péth b could not be detected in the .
benzophenone fraction by either 1.r. or tlc. Since the observed kinetics
is Cetween first- and three-palves order in 76, isobutane must arise

both from the induced decomposition énd from path a_(equation [1221),

in concentrated so]utioné of 75.

In the prescnce of air, the rate of decomposition of ig in bpnzene
is about twice higher than that of the deqassed saﬁp]e (Table 4). There
are several factors accounting for.it. First, as discussed in the‘carbon
tetrachloride case, oxygenlmay be an initiat&r for the reaction. Secqnd.
peroxy radicals, which are certain to be formed from the reactions of
oxygen wit% internediate radicals, can modify the chain termination steps ‘
and, in downé 50, the chain length could be mncreased. The overall ap-
parent rate constant will be affected even for a small amdunt‘of such
peroxy radicals present. As expected, the p.m.r. spéctrum of the vroduct
mixture from decomposition of Zg in benzene in the presence of air was
complex and included at least four signals slightly downfield from the

» ~
isobutane doublet. TIsobutane was still a major product under conditions

"

e
]



£.2.2 Rexctions with Olefins and Azobepzene

The decavposition of Z}, in benzene or in carbon tetrachluride 4
solutions, 15 induced by radicals through abstraction of hylro-y1 hydroaen
in concert yith forration of mitrogen (equation [121]) (see nrevious

csection,5.2.1).  This mode of decorposition is analogous to thit of

- .. i _ - J
compaund 1, recently reported from this laboratory by tnittel and Martentin,

~

- -
1

tabvihizztion offorded at the transition state frem tne cobined

P

e 5
heats of formation 0f nitrogen and of benzophenone is sufficient to rer-
r1t a variety of radicals, even hiuhly stabilized ones, to abstract

h/droxyl hydrogen. Consequently, such excellent chain transfer ab111x§::27~\
o7 73 should irake then good reagents for radical chain additiun yrelding

srall molecules according to equation [122]. The addition of the groups

- s HEU-R X A
[1231 < \c/ + ::./«—) 0O+ 0t I%’/\’/
J/ N\ . |
: H H ,
73

R and # from 73 according to equation {123] has been successfully de-
b4
monstrated 1n a varmety of unsaturated compounds, including acrylonitrile,

rarbernene, c(rotonaldehyde and nzobenzene. The yrelds are as high as

192 based on The results of reactions of 13 with different olefinic

13.

i

substrates and vwith azobenzene are gatnered in Tables 5, 63 7, 8 and 9.+ .
&n many instances, pheno1 increases the yield of thewadduct: from de-
composition of 73 n the'presence of an alkene. The detailed discussion
of the role p}ayed by phencl in the presen£ radical yhatn hydroalkylation
reactions w11l be presented in section 5.2.3. - 4

The radical additi-n wechan§§§§1s a corplex sequence of steps,

»
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as shown in Scheme I {page 19). The desired product R//A\\\(///

H
(equation [123]) is formed by the chain propagation steps. The chain

Tength must therefore be as long és.possib]e $O that termination products
form a small part of the .total products. Both the addition and abstrac-

tion, in proﬁ%gation steps, must be very fast since the terminations are

. very fast in solution (see section 1.4:2). Therefore, both propagation

91

"

steps must be exothermic or, at worst, only slightly endothermic .for them

to be very efficient. ) :

¢

Consider two propagation steps, as~depicted in Scheme I1X (page 92

L ol

of the decomposition of 73 in the presence 0% an otefin or azobenzene.
The enthalpy change of step ]'(additioﬁ)_comes to be about -20 kcal mole
in case of olefins,qor -12 kcal mo]ei] for azovenzene. The calculation
did not consider.any effects stabilizing the né@‘}adica} resulting from
the addition, é.g.l the qdduct~rad{cal_formed by R+ adding to azobenzene
is stabi}ized by hydrazy]>re§6nance as well as benzy] resonance. The

Yy

values of bond energies for the cah:ulahon were takedn from the te}
t;on

C’ramz"3 (unless otherwise 1nd1cated) The entha]py“? step 2 fabst

N

calculated without consideting conJugatlon in benzophenone is approxi-

mately -32 to -01 kcal moie’]. . The caléu]ation of the enthalpy change

_for both stéps‘is shown in Scheme IX (bage 93), together witﬁvthe

&>

reacttons‘. Both steps ' calculated are exotnerm1c hence addmtxon to un-
. Fo .
saturated compownds cauld be very eff1c1ent ]
Azobenzene was found to be a gopd Substrate to trap varlous

-t

a?kjl rad1cals (1 e., carbon- centered rad1ca]s) generated from 73 (Tab]e.~”

9). Rad1ca1 add1t1on across the =N brwdge 1n azo compounds y1e1dtng '

substituted h;draz1nes is currently rare (as reviewed on “page 25). Thé—

N "

)

-1

» . )



Scheme IX

(A1 values are in Kcal moTe_])

Re + ==~ * —> RQHZCHX o

2 x 83 = -20

L3 :
v
L —>

energy loss (C=C) - energy gain {2 x C-C)

energy loss (il=H) -.energy gain (C-N_* N-i)

(73 + 39) = -12

Step 1
- X
',H] ‘-_-_
' = ]46 -
Re +  HeN
:HZ =
= 100 ~
Step 2
s, N=H
. Ri + “
) OH
Enerqy Loss
0-H 111
-0 86 .

2 x C-H 146

He)

L H=N 100

Total: 443

sHe =

3

38 - D(R:H)

1

H o+ ¢260’+ s + R

H

Energy Gain

R, -H

¢c=0 . 179 -
NN 226

Total: D(R]—H) + 405

A

Continued....\..
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Sten 2 (Continued) 93
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Tne value for the strength of the d H bond in DPPH-H (diphenyljpicryl-

hydrazine) was used. 256 -
LR Y * /
Tne va'ue for the strength of the 0 H bond in 2 4,6-tri-t- buty]pheno]
was employed. 256. « -
\ ”
(] .
[ P
- \
b v ’ ‘:
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present results are therefdre significant. The yields with azobenzene

in many cases are quantitative based on Zg (Table 9). Two main reasons
account for the facile addition to azabenzene. Firstly, sterid hindrance
in the adduct radical is not severe because the bond angles at both

nitrogens are expected to be approximéte]y 120° on the basis of .. .

254" 1‘

known angles %h“diphenylbicry1hydrazylj Second, the hydrazyl radi-

cal is _stabilized by "hydrazyl resonance as wel]_as benzyl ﬁesonance

(equétion-[f24]). The transition state for addition would have to be

$

- $ - o _+ -
. . 1
N N///

!

-

. product-1ike to gain most of the available ﬁydrazy] }esonance; as 2

rotat1on*about the N N bond is requ1red to bring. the or1gxna1]y ortho-

-gona] Tone pair and ‘the v~orb1ta1 1nto congugat1on. We have not found

estimates or experimental values .in the literature for the magnitude:
of hydrazyl sbabilizqtioﬁ. That it is large is suggested by the‘spin

density distribution estimated from the esr splittings of hydrazyl radi-"~ -

'_ cals. Ingold257.has stated that, in all authentic hydrazyls, "the split-.

ting constants of the two nitrogens are of comparable mégnitude and are

.generally in the range of 6-12 gauss". Attempts to observe the adduct

hydrazy1 rad1ca1 with e.s.r. spectroscop/ in the course of react1ons of

azobenzene with 76 1n carefu]]y degassed benzene or chlorobeﬂzene solu-

*L

tion at low temperatures were not successful. The fa11ure m1ght be due

© to the;fact that }he secdnd step, abstraction of the hydroxy?l hydfbgi2/,..

from Zg, is too fast, which thus'destroys‘the hy&razy1 radiéaj‘Véry é
i . & . \ . s i
) iy , . N o ,.‘ -
. - ' o - " L a
b



I\
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. the structUre of the unsaturated aCCe“tor molecule That 1t i3 the

over add1t1on to st11bene, even though the. lat “is presenc rn n1gher

efficiently. . .. R 2
Decomposition of 78 in‘the oresencé of trane-Etiloené;'a‘close
'ana1og of azobenzene _did not 1ead to the de51red product, 1.2- d1oneny1'
3,3- d1meth¢]butane (Table o)_ Tne contrast betwecen these fvio cases could”
come from a largc dependence of eather propavat1on rate constant on .-

"

~addition step vwhich is responslble Was 1nd1cated clearly by the'finding'

that isobutane, vaich is not formed in reaction of 78 with azobenzene,
. ~ . ) . ¢ . .o R i . ‘ N
is a major product of deconposition of 76 in theépresence of sti]benez

“ Apparent]y, terf-butyl radlcais pre.er abstraction of njdrogen from 7u

concentration Tn1s could be the result of a ]ow rate constSht for ‘
add1t10n t0 st1Tb°ne or of reve‘51b117ty o? the add1c1on step. S]oy
addition or ready rcvers1b111t/, uhlchever is appTicable, mlst pesu];
partly from sterac‘n1ndrance 1n_the adduct fadlcal 1 2- d1pnen 1 333—~
.dimethy1buty1 raoi-cal7 On the :on;rary; the adduct rad1caT, 132-o1éheny1*'
ert buty]hydrazy] is readily Stdb{lized both by ﬁydraiyi;oﬁd behz}? -
resonancos. If such stab1llzat1on by hydrazyl resohance is. substant1a}
then even 5 fractuon of it ava11ab?e dt the tranf1tion state could be
sufflclent to account for tne very d]fferent behav1ours of azobenzcne

- .
and stilbene toward tert butyl rad1cals

4

—~o

1t is observed (1n Tab?es 5, 6, 7 and 3) “that the J1e1d of the

throalkyiatlon of norbornene 1ncreased in tne fo]low1ng,order

".)‘

CH 3 » CH cn . (cn

3 30t i

- (o) 3o ,

' M < . . ;. Y o« . ; ','
”Thig order’ migﬁt reflect the sterig}hindrance in 'the addition as well as

N ' « .
P -
o ™ A . . 1
! - .
,
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_almost invariab}y the opposite_to that encountered in ionic Har

“ionic addition.

'

the_staﬁ?qfty of the adduct radicals formed. 'lethyl radiéal is con-

siderably less bulky than tert-butyl radical, so the attack (exo) on

.the norbornene skeleton is relatively easy. DBesides, the intermediate

M

adduct radicils a(evseéondary and, by virtue of favourable thermochemistry,

efficient addition of brﬁmary radicals such as'methy1 and ethyl radicals

N ) kY [

would be expected. .For secondary and tertiary radicals (like'isopropyl
and tert-butyl radiga]s), on the other hénd, thé addition step u6u1d~be
either tbermoneuéra] or endothermic. Consequently, the addition will
not be efficient. The alkyl groups in the resulting 2-alkylnorbornanes
are in the exo position as deduced from ]3Cmr épectrosébpy'(Tgb]e 8).
o The régiochem{stry of additioﬁ to unsymnetric olefins is that
expected for a mechan1sm which 1nvo1ves add1~1on of a radical so as to

Y

form the most stabtle, rad1ca1 adduct (1 e., }\harasch7 addition),

subsequentlj abstract h*drqgen fromw73 «The direction of additicn
addition, so that synthesis by ‘the rddical route is cg

plementary to

' Synthesis of monodeutero compounds us ing fhydroxyl deuteriated

I3 is ano%her obvious potential utilitylofizgx This has begn demonstrated’

in the fo]?ou1ng examp}e Sﬁaking 73 (R = CH3) in benzene with D,0 ex-

'changes the h/droxji nydrogen for deuterium. Trapping reactions were

subsequent]y carr1ed out, in the tywio- phased system, with norbornene.

258

More than 87 atom L deuter1um (estlmated by mass spectrometry ) was f'

,1ncorpo ated 1nt0 the resu?t1ng product which was obtained in 50“ yield

2

(equa%Jon [Ia ]) Tnere are tuo peaks, separated b/ 0.5 pom, in the Hmr

N
~

g

3
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spectrum of the p%oduct.zsg' Electronic integration gives a ratio of

1:4 fdr tﬁége peaés. The exo:exo assignment to major product‘(epuation
[12573) is baséd on the analogy fér the exo-ecxo addition of ethyl bromo-
acetate to nqrbornene]l18 {page 23). Therefore, relatively easy and
cheap monodeuteriation of compounds can be acco@p}ished w{th Zéx

The generation of 2-hydroxyethyl radical from ZQI(R = CHZCHZOH)

is important. Hydrogen abstraction from alconols in solution always
occurs from the carbon aton bearing the hydroxyl group (see page-24).

The resulting 1-nydroxyalkyl radicals are iﬁdegd observed‘by e.s.r.

- . . 9]
spectroscopy.°2 2-Hydroxyethyl radical was meptidled by Gray and Herodd6
who mieasured the rfates of hyqrogen abstraction, in the gas phase, by =
methyl radical from the three different sites in ethanQl. At 150°C,

75" of the hydrogen comes from the methylene group, 20. from OH, and

o
)

about 5. from the methy] group. N

The 2-hydroxyethyl radical from 73 (R = CHZCHZOH)'can be trapped
with nitrosobenzene as spin trap (see section,5.2.4). Also, tife total

fragments CH_CH OH and H are captured with azobenzene to form I,Z-di-’

272

pheny]-]-;-hydroxyethy]hydraéine (Table 9). It is well known that
primary and secondary alcohols add to unsaturated compéunds,to form
secondary and tertiary alcohols, respéctive1y (see page 24),; The pre-

-

sent addition of ethanol to‘azobénzene Qia.Z-hydroxyethy] radical ié

‘the only example of additian of a.primary alcohol (except methano]}"

By
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Rearrangerent of 2-Hydroxyethyl

to give a primary alcohol product.
to 1-hydroxyethyl radicals is very unlikely in the present situation

With a large excess of azobenzene and a large rate constant for addition

bécause of ~the formation of a resonance stabilized hydrazyl radical, the

rate of capfure of -2-hydroxyethyl radical by azobenzene should be much
< > kz (equation [126]).

faster than the reayrangemént process, i.e., k

/ ; :
ey 4 .\‘i‘.}i/v
™~

CHZCHZOH .

[126]  HocH,TH; +

kz .
S3 HOCH H3

.Lj;ocuzﬁa ) /—~

*

the 1,2-pydrogen shift in freeé

-~

oreover, as reviewed in section 1.4.1 b
. ge 24) that veéy Tew hydrocarbons are
'
knoun to add to unsaturated come:nds effeg;ive]y. In the present thesis,
1
the addition’ of hydrocarbons as well as ethanol to unsaturated compounds -

_has been suecessfully demonst%ate% using azocarb1no]s 73 as the reagents. )

g

A genera] pr1nc1p?e regarding radidal pathways in synthesis can thUo be
"If the rad1ca1 chain

radical chemistry very seldom

It nhas been reviewed (

5-9).

formulated from the present resu]ts (Tables
. . y
addition of a reagent X-Y to unsatuﬁ@ted‘systems i's 1mpract1ca1 because

of the adverse thermbchemistry of th% chain carrying abstraction step,
cht1cal by u51ng a new reagent, ‘

it can be made more favourable and p
T X A-B- Y, which delivers fragments X a%d Y in a chain reactzon by virtue
A=B ) ‘

of altered thermochemnstrj from fornat%on of stable co- product(s)
deed " In the case of azocarb1nols
o :

Qz'
—

in the propagatmon step in wh1cn Y is
. - 1
P
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) : N T - : >
73, the fragments X and Y are R and H, respectively, which are delivered
by virtue of the combined heags of formation of nitrogen and of a car-

bonyl group {i.e., CO in benzoqpenone). Another advantage of using 73

s

is that the two fragments R and H are added in two discrete operations.

This eliminates any comp]isations duirt _cage reactions, sucp as radi—.

cal corbina%ion (or disproportionation)of R and H to give RH.
Potential fragments, X and Y, &re numerous. In‘priﬁcip1e, XY

can be any organic or inorganic compoundl ~Stable. coproduct(s) with
¢ ‘ "

high heats of formation include moleculaf nitrogen, COZ‘ £o, 3200, 802 ‘a;,ﬁ

and arormatic rolecules. Cy
- . ) R ,
14

3 In theory, the synthetic potentidl of Z; is vast. However, it 0

P has been observed that several azocarbinol

L

2-hydroxyethyl, allyl, henzyl) did not for

13 (R = cyc]ohexy%, pheny], o
adducts, in the sense of
equation [123], wi%h norbornene, acrytonitryle and crotonaldehyde. ﬁore—
over, compounds 2} (R = allyl or benzyl) did not form desired substituted
hydrazineé vith azobenzene. A m;jor known cduse of failure is pbly@eri-
zation. In the cases of allyl and benzyl radfcals {which are resonaﬁce‘
stébi1izedj, another reason:for failure is peryaps their reluctant addi- -
tion .to unsaturated compounds. Yhether or not \the expe;ted aaducts viere
. actually formed in some cases But were not stable enough to be isolatgd,
is unénown. :In any case, the §c6§e'of Zg as praftical syﬁiheFic reagen?s

is limited.

5.2.3 Reactions with Qlefins if the Presence of Phenol
'A significant complication in radical addiltions to olefins

~accarding to Scheme 1 {page [9) is polymerization. {One way to overcome-

MY
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WY

" (equation {123]). The cdncentration of nhenol redui?ed for optimizing

190

th}svproblem, stud1ed extensxfe]y bj fhmscx,m4 is to carry out\'the

34+ 2+ |
reattlons in the presence of a rede system such as Fe or Cu \ In b
‘the present thesis, we tackled this problem by choosing selectivelchain )

transfer agents (HY), which function as good nydfegen donors like §zo-
carbinols Z;, to decrease. the lifetime of adduct radicals, thereby s\p- -
pressing polyrmerization. Such agents would have to react more slowly

uith\s- than vith R]- and the radical Y- would have to be capable of ub-
- . . \ : i < X . Co
stracting nydrogen from 13 ~but not of addition to - (equation :

——

[1277). A reagent meéting those requirements .would really be a catalyst

[

in the radical chain additions to o]ef1ns
" A

[]2?] : ﬁ- (from 73) +

,f"\\v///
/\/ + HY - R/\/ o |
_—.-_/

Yo + h;-» HY + gZCO + N2 + R

. €
Phenol was found to be oné of the reagents (HY) mentjoned above.

In many cases, phgn01 increases the yield of thénaddition_prdducgf(Tables .
»

5-8) from decomposition of 73 in the presence of an olefin. Tﬁeljie]ds

of the adducts were reduced with added phénol.in some cases betdayuse of

~

competitive reactions existing for R- radicals (from 73); the radicals

R+ can be intercepped'by'phenol before addition to olefins occurred

«

CIE I PO N



in
(128}  'R- (from 73) + :OH - ,0- + RH

the yield of adduct_is expected to be different for each unsaturated
substrate because the rate constants for abstraction from phenol, for
polymerization, and for chain termination are structure dependent. The

opfimization experiments will, be discussed later in this section.

Reported catalysis'in radical chain addition is currently rare

(as reviewed in section, 1.9), and the present discovery is therefore

important. The reason for the rarity of such cat&lysis is obvious by

.
‘<
X
¢

considering the features which é]]ow phenol to play a cata%&ti§ role o ’
h in the present case. Phenol is & ¢ood hydrogen donor ‘to radica]s'iargely;
because £hé resulting phenoxy radicals are resonance stab}lizbdf‘ Thus ,
phenoxy raddicals are very pogr at radical substitution a

7

d will not nor-
mally accomplish the chain transfer step required to comg

letp a catalytic
role. Their sluggishness in radical fddition and radical suﬁgtitution

)

steps is of course, the basis of the normal innibitory function-of pherais

in radical processes. However, induced decomposition of Z; j§‘exceedingly

exothermic by virtue of the combinea heats of formation of nitrogen and

benzophenone. Such'a favourable enthalpy change, partly available at =

the transition state, is sufficiént to pewnit the efficient abstr¥ction
by phenoxy.?adica]s.

.
Hydroalkylation proce

herefore, phenol acts as a 6Eta]ysf for the present
Moke impb}tant,

obably, is a general principle that can be

stated based on the present results. “"Compounds (Y-B) may act as catalysts
for the radical chain a
bt

ddition of A-B-°to unsaturated substrates only if
h chain transfer steps, Y-8 + Re - Y. + BR and A-B + Y. — A. + Y-B,

TR R
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are very efficient.”

_ Optimizstion experiments have been'pgrférmed, using the reactions
of Z§‘(R = isopnopy}) with crotopa]dehyde and with acrylonitrile as
examples. The results of plotting the yield of adducts against the con-

- e B .
centration of phenol are shown in Figures Igand 11, A1l the curves.thus

R <
Y8,

plotted have 4 similar:shape. The curves@?ﬁﬁybit a maximum, within

:

- .

the experimental. limits -of phenol concentréiion, which occurs at apbrgxi—
@ately 1.3-1.5 M phenol concentration. The highest curve§.occur in both
cases whenever the concentration of ‘olefin was about 21Mf The initial con-
centratign of 73 (R = isopropyl) was kept constani (0.348 M} throughout both

experiments but other work (Fig. III}-showed thét the yield of adduct is .

insensitive to the concentration df ‘azocarbinol in the concentration range
that was employed. Thus, bas d'on the above observation, we suggest’that

a near optimum condition to obtain high yields of adducts is when the con-

.centration ratio of Zg (R = isopropyl):phenol:olefin equals 1:4:6 and when

=~

the absolute concentratipﬁ of olefin is about 2 M.
The k{netic sequééce of reactions is shown in Scheme X. Unfor-
tunately, we have éncountered‘Hifficulties in attempting to-explore this
catalyzed chain reactigh on a quantitative basis., At the present time,
only the émpifﬁca] } sults are reported in the previous_péragraph.
Plotting th yig]d of adduct against the ratio [0lefin]/[73]
(R~= isopropyl) in the absence of phenol gave two curves, wh?éh are com- ' :

pletely different in 3hape (Figure IV). In the case of acrylonitrile,

the yield decreases aséthe.ratjo [olefin}/[l;] (R = isopropyl) increases.

This reduction of yield is largely because the ratio of the rate of -
- i ' . .
the transfer step to that of polymerization becomes smaller as [olefin]
* : "y -
k N -

X,
~
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Initiation:

Propagation:

Termination:
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Scheme X % .
Ky
Z\, (R=isopropyt) —> R- + :ZCO + N2
L A L )
k2 ”~
I + :0+ —— :0H + :2(‘,0 + N2 + R.
N' . k
R- + Olefin —3—3 A (A _ Adduct)
k &
Avt T —2 3 Res 5,00 + i, + Adduct °
~ k
Av + OH ——2— 0. + Adduct
k
Re + 50H —2 3 40+ + RH
k N
R + 1 _—7——>RH+¢2co+N+R- ‘
A. + Qlefin —8 D (D . Dimer) N
K _ Y
Do + T ;—9——-)" Dimer + ¢2C0 + NZ + Re ) ’
k
D- + 30H ——% 5 Dimer + s0- -
K k " &
D + 01ef1n7< — 1 T (T= Trimer)
T+ 1 ——]2————-? Trimer + ¢>2CO + N2 + R. ) )
RS ) ) ,
o Kas, ) “
T. + ¢OH ———]—3{;—-5 Trimer + ¢0- i
.k A
T. +.0lefin -—*-—14——7 M;l (M4 =z polymer from 4 molecules
of olefin) ‘
%
<k
M+ Olefin —Py M- ~
P Koo p*l : :
Mo+ 0H —P M+ c0- _ '
kp+2 B A %
o+ —ES 5 M+ 00+ N, R o
r L |
k]S ” \»‘
A+ + QO. —_— A0¢,

k
A~+A-' —-—]—-—-o-) AA

»
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Scheme X (Continued) o ’ N
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yincrease§. In the other case.(cro%onaldethe),“tﬁe yielihpasses‘tﬁr0qgﬁ
a maximum as the fﬁigfin] increases. This means a; optimum concentéatiOn
of olefin (i.e., crotonaldenyde) exists, which ga]angfs th%ggateg of .
addition and po]ymerization, ie., low concentration me;%s low rate of
add1t1on, and high concertration means high rate of poljmer1zatlon‘
Finally, it shou]d be noted that when th1opheno} was used 1nstead
of phenol, the yields of the adduct decrease drastically (Figure I).
" This must indicate\that the hydrogen-donating ability of thiovnhenol is
much higher than that of phenoly thus nearly all of the isopropyl radi— .

cals generated were intercepted by the presence of th1opheno1 to form

propane, and very “few "of them add to the terminal double bond of the

olefin (crotona]dehyde), 1.e.,'k] >, ké in equat1on [129]. ‘ .
* - ‘ab M . B )
. — . . - k] . . ) p .
[129F  (CHy),CH +PhSIL —— PhS-+ (Cit,) SCH
m d ot
~ H N
TR T T CHy, O
{CH,),CH + CH=CHCH ——=> (CH3)2CHCH-CHCH

372

5.2.4 Reactions w1th NJtrosobenzene in Benzene Solut]ons

— e ¥

The 1nd1rec§ detect1on of short 11véd radicals by the spin,
trapp1ﬁg technique 1s well documented {see sect1on 1. %) In the present
work, nitrosobenzene was useq as ‘a spin trap to cap;ur phe radicals
generated from 73. The e.s.r. spéctra‘of the'nitroxide‘radiéa1s, }e--

'sultxng from the reactl&ns of ni trosobenzene and 73 in benZene so]ut1qns

(degassed) - acc6¢d1ng to equation [16], vere taPen at room temperature

- The spectra obta1ned in a11.qases are fairly compiex (F1gutes‘
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V, VI, VII, VIII, IX, X and XI). We have not attempted to analyse the
spectra completely except in two cases, with R = pheny],.and tert-
,'buty1 (Table 10). In other.cases, on}y the ay and g values of tne ]
corresponding nitroxide radicals are reported. The ay values are about
1Q;13 géuss (Table 10) in agreemént with the range of 2, values for éry]
‘ alkyl nitroxide radica]s.38 Bes ides, ;h sp]itting constants {Table 10)
are in good égreement with those reporte§<?h the literature (Table 11).
Therefore, the radiga1s_from Z} thaf vere trapped by nitrosobenzene are
~a1ky} radicals. ‘

It has been reported236

that dipheny{hydroxymethyl}radica]s.are
‘ndt spin trap?ed by 2—meth&1-2-ni sopropane but .are converted instead
to;benszhenone.by tnansfer aof .the hydroxyl hydrogen to the nitroso group.
‘It'is cTe&r]y indicated 1n the two well- resb]ved spectra of nitroxides

| (F1gures V and VI) that no hydrogen atons were spin trapped by Nitroso- - e

benzene This strong]y lndlcates that 73 decomposes via a radical chain

Jprocess rather than by unumolecu]ar homolysis of usual azo compounds

(equetlon [130]). : o .
NeN-R s o

ES] >< —_ >/ + H, + R .

‘ OH - 9" on )

» s
_ The nitroxide radical with R = CHZEH OH {Figure VII) is of con-
’ siderab]e'interest There 4s a poss1b111ty of a '1arge splitting by

: through -Space c0up11ng to a s1ngle proton deplCtEd in structure 7.
)

This type of 1,6-1nteract1on in a “quasi-six-membered cyclic system
* . X ' L

" 265

has been suggested by Narman to explain the hyperfine splitting’in

DI '
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Table 10: The Splitting Constants {gauss) of Nitroxide Radicals :-il-R

(RR

_;}

R i ay -9 Other Splittings
o o u P oM |
tert-butyl } 12.89 2.0071 ay T Ay T2, = 1.91 ;
- . ‘ : . j
isopropy] 1 §i0.96' 2.0064 :
| : ;
ethyl ; — — ‘
; : . ~ |
methyl | 10,48 2.0067 i
LA |
‘ 4
|

phenyl T 0 9.1, o 210057 af = all =:2a) = 1.85 !
4 . ;
. | i
benzyl — i _— ;
o {
9;/1 . 104 2.0056 |
- | - }
[ :
2-nydroxyl ; 11.4° 2.0059 : |

- - : '

" gyclohexy) i 10.9 2.0072.
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Table 11: The Splitting Constants (gauss) of Some Known Nitroxides

°

f o
. . . 5 P m { e
. T H1trox:dgs aN dH’ aH | ay, aH Ref.
: ?. " n
_i=iCHy 11.0 2.9 1.0 10.4 260
9 . ,
2=HCH,CH ! 1.1 2.9 1.0 3.3 260
! 4 ‘
9‘ 1 i
- ‘_“ b 1 ‘r 11 »
$=lCH,Ci | 1.8 3.2 1.1 9.1 261
¢ |
SNCH(CH,), b 11 2.8 0.9 | 2.8 262
. ’ 2 '
- ! |
. . ! :
;—J-C(Fh3)2 13.4 1.9 0.8 — ?63
-0 ;
k o ) . . )
Q-J-C(CL3)3 5 1254 2.9 0.3 : 42
P <
»=11-CH,0H 1.1 3.0 — T 8.0 . 264
¢ '
SEEEH B 10.9 1.9 -+ 0.9 - 260
‘ - . .
C CH.-N-GLOH | 15.3 a1z o 295 L 260
i 3 2 H H

C 12
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certain iminoxy radicals, and by Perlins™ to explain the appreciadly
J «

* larger nitrogen nd -nydrogen splitting constants of 1 nitrone spin-

~

«idduct 7‘ .,

/0 ,/0\
. .”H Mezf \ﬂ M"’Zf “H
'T’ G 0. < ‘ cC_ + O
AN Hy Ph H\N/ % NV
Ph” C . Pl
H N N
Bu - 78 . Bu
17 ~

Inspection of the e.s.r. spectrum of 2-aydroxyetnylphenyl mitroxide -

(Fiqure V1I;, however, does not give any evidence for the existence of

sucn hydrogen bonding, even though the spectrum has not been corpletely
apalysed. Analogous to this observation, the spectra of :-NCH20H and
g -~

L . 264 26) . .
3-JCH20n, reportcd by Chachaty ang Rassat, respectively, did not

give any considerable splitting due to the hydroxyl hydrogen {Table 11).

CH

Such hydrogen bonding is therefore either unmimportant or non-existent,

The major sigmficance of the e.s.r. results to the present work
15 - that radical intermediates are indicated in the decomposition ot

azocarbinols 73,
- d

-

505 Syntnesys and Pyrolysis of 2-Acetoxy-2-Methy1-5,5-Dialkyl-_0-1.3,4+

) xadrazolines

5.2.1 OSynthesis

The synthesis of :3-1,3,4-0xadiazolines. 832 and 4Jb, was ac-
complished by oxidative cyclization of ketone acetylhydrazones, 229 and
ng, respectively, With lead tetraacetate (LTA). Such ketone acetyl-

hydrazones, 791 and 79b, in furn, were prepared by condensation of

ketones and acetylnydrazine. The synthetic steps are snown in eguation [1317].
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R 0 . ¢ R H 0
} . " T, A
[121) Nag ok SHHCCH o 0% e H=l-CeH
R g « reflux, R -
2 -H..0 2 79
2 A
) i
} LTA
, 0 s
7%, : Wy = =1 .
72, 2a: @Rz ity Ry W J\<0CCH3
72,000 R, R,==(ClL) - . X A s
~ boe s e : R, 0 CH, .
13,80¢c: R]~R2:CD3 - "
80 ©

.

The condensation of ketones and acetylhydrazine was carried cut
in benzene solution with continuous removal of water, formed in the
reaction, by a dean Stark trap. The yields as well.as the spectroscopic
data of the acetylhydrazones prepared are gathered in Table 12. A singlet
neak near ?.20 is”pre§ent in the‘p,m.r. spectra, which is due to the

5

resonance of protons .in the acetyl group (-COCH3) of the molecules. A

strong band near 1670 cm'] in the i.r. spectra of the hydrazones is as-

3igned to the (=N stretchinh vibration. The freqguehcies of the H-H

stretching vibration octur 'hear 3200 cm'? in the 1.r. spectra. The

relting pnints of the hydrazoneg reported are in good agreement with
those reported in the literature (Table 12).

Compounds (3 were prepared by treatment of 73 witn LTA in methylene
ch%e(ige at 0°C. The yields obtained were about 70-80.. Both compounds

. ]
719 and Eg are stable at room temperature for quite 4 long perioq. The

©

spectroscopic data of 80 are presented in Tables 13 and 14. The structures

e~
Wﬁ.r! ~

of §9 wii] be discussed in the following section, 5.3.2. &

- 121
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Deuterium labelled compounds, 793¢ and ggg, wereiprep;red in the

. in 96 atom % D incorporated as esti-

r. analysis.268' The dguterﬁum

same way (equation [13¥]) resultin

"mated by mass spectromet{fy258 and p.
content of 80c was estimated from the \fragment [M-28)+, formed by loss °

of nitrogen, in the mass spectrum.

)

5.3.2 Structures L

-

Reactions of LTA with ketone carbonylhydrazones of type 79 mi@ht

3

be expected to .give~acyclic azoacetates ﬁ/ {equation [132]). In fact,

AN LTA ,” =N- é Ry | 3
[132] CoH-N-C-Ry ——— - 81
S /\ ~
Ry LRy 0-GocHy
, . 0
it had been reported by I1ffland®®? (equation [132] with R, , or Ry = alkyl),
and by pi{ 270 (eéuatiqn [133]) that azoacetates were isolated in stable

A

‘form: However, it has been"showh in"tgg present work that their structure

@ |OI .t '43
NHCCH,R N:NCCHZR‘. ’ g 2 ;@

JA —C—0
o . : % . Ac > H - CHZR

LTA X - :
[133) —_— _Xylene o
L Fay
: g2 8

ass1gnﬁents were 1n error. Pitt Wﬁd stud1ed ‘the pyro]ySTS of what he
Jcalled 82 in xy1ene, and h1gh y1e1ds of enol ethers 83 were obtained ..
(equ§t1on_{133] . Quite updehstandably, Pitt had difficulty in Qccount{ng
"for:the result mechaﬁfsticé1ly beEause ﬁe(never had 85 to bedin with. | \
: - The presence of an acetate group 1n 80 is shown clear]y ‘both
byip:m.r (a singlet near 6 2.00) and by 1 r. (a strong band near 1755

. cm-])- The ultravielet spectrum of 80 shows a Apay Mear 313 pm with ex- -
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tinction coefficient about 200 (Table 13): This.is dué to the n--*
absorption of the azo (N;N) function preéented‘in the molecule. The
ya]ues of A#ax of §9 are in good agreement withﬁthdse reported by Pittho
for what he Ea]]ed coﬁpound §g, |
The cyclic natqre of 80 was confirmed both by ]3Cmr\§pectroscopy
and by their chemical reactivities. Two quarternar; carbons and only
one'carbony1 carbon were observed in ]3Cmr spectra of both £a and ggp
(Table 14). In contrast, acyclic azoacetates gl have two carbonyl car-
bons and on1j one quarte;harj carbon.
Treatment‘of 3Ja with methyl lithium (3- fo]d excess) in ether
at 0°C, and subsequent gcidification yith HH4C1 solu;;;n gave j{\ﬂmich
’decomposed.fairly cleanly to isopropyl acetate in benzene solution
(equation [134]). The }{thium salt 55 can be isolated and kept in a

0 E- . CH3 OH

CHS,\ - /,O i, el
N)/;;\D . ’//<i\0 g’
3CH3L| g L CgH o
34 e 7 =88 CH
[1 18Ca., 7 Wi, > 2> Nz + CrzCocH CHy,
CHy N—— —OH,
" 55 C&3 .S éHB
~ f

1] * .
. N N

V.

refr1gerator for,Qﬂata,a long t1me w1thout decomposition. The‘experi-

mental results were 1n comp]ete agreement wzth those reported by Rn1tte1

20,171

and Harkentin on independent]y prepared.compounds 55 and 1. The . -

acyc]1c azoacetate 8], under the same cdnditions, cou1d not g1ve 1sopropy1

-
- ¥ ’

acetate.by any coneeavable mechan1§ms. Moreover, the products’ from the. N

s

tﬁerr_noly.sis of 8Q0a and 89b can als%ibé explamed satmsfactorﬂy in terms

g? a cyclic structure (see section,5.3.6)..

-

v

W)
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5.3.3 ilechanism of Oxidative Cyclization

A mechanism for the observed oxadiazoline formation must take
into account studies by other workers on LTA oxidation of ketone carbonyl-
hydrazones (see page 43). The oxidation.of benzoyl hydrazones to 2-

acetoxy~x3—1 3,4-oxadiazolines, recently reported by Hoft’mann]98 20}

by Norqan,lggols the most closely related to the reactions reported here.
Different polar mechanismg nave been suggested by each worker,.as,shown
in oqyations [85] Qnd [112j. The meéhaoism propooed by Hoffmann required
elimination of aoetiq acid from an initially formed intérmediate, azo-
acetate, Such an uncatolyzed elimination would not be expected to be
rapid at low temperature. Moreo:er, the evtdence for- the existence of
the azoacetate as the intermediate was weak and inconclusive, since the

compound was non1so¥ab]e L

Tha nwchan}sm proposed by ﬁormaolsg seems wore attractive. Fol-"

lowing 1ntramo]ecu1ar1y promcted decompos1t1on of the hydrazone-lead
comp]ex, the resulting cation was attacred ,by an acetate’ 1on ?ead1ng to
oxadiazotine §3. Horman ass1gns the oxonjum ion wecnan1sm on the ev1dence

4
that in)methanbliC‘so1ution, a methox/ group_rather than an acetate

groupais incorporated into .the oxadiazoline 63.
In add1t1on to the mechanism of the formation of oxad1azo]1nes
proposed by Norman, an alternatlve mechanism may be sugge&ted as de-

picted in equat1on [135}

5.3.4 Pyrolysis of Oxadiazolines

193-201

- ” ;
Hoffmann has studied*the pyro]ysi; of oxadiazo]ines_é;;‘

and found that Qg decomposed £b the epoxyacetates 63 which“gavedthe u-
: - , AR

- . ) . : : ¢

¥

it

o
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R1 Pb\OAC
K) / NH - *\C,/ HAc Ry ,N\\_
R2. O\ / N 2 \c‘ N
'\\c\ R{ O R “+ HOAC
R L \n 2 o ¢ -
} .‘ R
. . [
. i, , L
’ R _/Pb'\OAc 3 \3/
N —
‘ \ OAc Tb’\OAc>3
' CHE TR N
Ny .
% A . g { S/ T Hoac
VAR - TP S N
Ry O/“ NV "
S ~ |
. pLl Ry V )
R~ OAC  —PpOaAN N
. < \OAC,Z’ Ry . R\
~HOoAZ Y Y .
A S
O\ .
' j=1d \OAc

acetoxy' ketone 66 upoh heafjng (equation [113]). The decomposition of
) ; : ,

N

63 to 65 was explained by postulating g/carbonyl-j]ide intermediate 64,

formed by Toss of nitrogen, which subsequently é]osed.to give 65. The

existence of 64 was confirmed by trapping experiments with norbornene .

*and dimethyfacety]eﬁedicarboxyTate'(gee page 59) .

However, upon pyrolysis of &0 in benzene at the boi]ing_pqint

in air for twoddays, the products -obtained were completely different’

from that expected; neither epoxyacetate nor a~ace§oxykketones‘Were

W

-

formed (equation [136}). Similar results were,obtainéd when "the pyrol&sis

was done in carbon tetrachloride, chlorobenzene or nitrobenzene at 83°C

in air for 48 hours.

1
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On thermolysis of °Oa, the following five prdducts were 1solated
with g]pc. The bracketed number is the yield of the product. They are
acetone 84 (trace), acetic anhydride PS (5.),-1,1-dlacetoxyethane 86 ° T .
(4 .), 2,2-d1acetoxyprqpane &7 (2.) and 1-acetoxyethyl-2- pxopenJ] ether
(CH2=C(CH3)—O-—C(CH3)HOgCH3) %'(87 ).

Acetone £4 was identified by comparing its retentjon times on
severai glpc columns with thqse of an authentic sample. The remaining
four products were identified by their spectroscopic data and analysis
(T$b1e~f5), Products 84 to §Z can be accounted for as the secondary
products from 88 }eacting with a trace of water during the reac@ion
;imﬁ. fThermolysis of ga in the presence of anhydrous Ha,S0, resu}éed
in approximately 2-foid red&ctioh in tire yields of the products 34 to
: §Z: The result of this expe}iment-was taken as e;idencé for thg orjgin
'offproducts 54 to 97, as secondary products from 88. | i

Under similar cond1t1ons, the ma}br product. 2- acetoxjethfl -1-
cycloheyenyl ether (/Pah —0-C(CH )H086H3) 89 (20. ) and one minor product
acetic anhjdrfde 85 (3&) were formed, and isolated with g]pc, from the =~ «
decomposition of £0b. MNo atteﬁpt was made to isolate all the other
minor products (]-SJ).formed in-the course of tﬁe thermolysjis. The
spectroscoplc data and ana]ysxs resu]ts of 89 are in Tables 15 and, 16

The structures of the enod-ethers §8 and 89 were est&b11shed

from the spectroscopic data (Tables 15 and 16). The bands near 1735,

1670, and 1240 cm"}“are:present in the i.r. spectra of-38 and 83. These -

'd
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bands are due to the stretching modes of Cg0, 0-C=C and OCOCH3 of the .

enol ether molecules, respectively. The presence of the acetoxy group,

H

vinyl protons, and the acetal proton of the —O-¢-O- linkage is clearly
Me .

indicated in the p.m.r. spectra (Table 15) near % 2.00, » 4.00-4.73 and

]3Cmr spectra, together with the assign-

5 6.00-6.24, respectively. The
ment, are in Table 16.
The presence.of unsaturation in the product 88 was also shown

by its ready/reaction with bromine in CC]4 at room temperature. The

dibromide was formed (equation [137]); the existence of such a dibromide

132

was observed by p.m.r. (sce Experimental, page 168). Shakina the dibromide

R P I A a c}”a
{137 CH,C-0-C-0-C —S—  (H,0-0-C-0-(-Br
b i
H R.T. CHy C-Br
H H /\
' L H H

. 2
so]dtion\in CC]4 with a few drops of water at room temperature for

.one hour gave acetic acid, acetaldehyde and bromoacetone as the major

products, (equation [138]).

o

Under the same conditions, rapid decolourization of bromine

vas also observed when the enol ether 89 was used instead of 88. However,
there was no corresgonQing dibromide %ndicated in the resulting p.m.r:

_ spectrum. The failure to detect it might be due to the thermal in-
stability Sf the expected dibromide.

My

5.3.5 Kinetics of Thermplysis

[N

The décompositions~of-80a and 80¢ at 79°C'in benzene (ahd in
. r~ ~ A

Adme e T s

S CRRAE S
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0 S:H H
I 3 FH3 H
[138] CH3C—0—(i:-oc —Br 20
H (E\-‘Br SN
&
C\}\'{} . ,CHZ.Br
o o

0 CH
. CH I—-O | %‘I ?H3
1] T e # T ObH
CH3COH .  «——— CH3C~0-C=OH -
| -
H
+ 4 u
) CH31CIH . : -
o CHLC~CHaBr , '
3 2 - H +
gH ) >‘CH3CCHzBr + H

nitrobenzene) solutions (degassed) were followed by p.m.r. spectroscopy
.using anisole as an inperna] standard for peak height measurement. The
kinetic results are co]le;;eq in Table 17.

Thf dagp of Jable 17 show that 80a decomposed with first-érde} ‘
kinetics in both solvents. The decomposiiion rate constant at two dif-
ferent concentrations of g0a remains fairly constant, within experimental
errar. This indicates that_theré was no induced decoﬁéosition. Pyrolysis
of 80a was independent of so]yept bo]arity, singce §g§'decompn£ed both

in benzene and in nitrobenzene %olutions with comparable-rate,-within ¢

experimeptal error. Therefore, it can be concluded that(no charge or

L
7
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Table 17 -1,3,4-
/N N\ /OCOCH
oxadiazolines, 80 ) at 79°C
/' \\ // i )
3
[ RaL So]ventb Initial Concentration k v 105 Correltation-
f | M ’ sec_] ¢ Coefficient
Ry RZ ciy | . Benzene | 0.639 | 1.22:0.03 | 0.991
! 0.639 i 1.27 - 0.02 0.998
. o 0.262 1.25 - 0.03 0.989
! e I~
; } .
| RyTR,=CHy | Hitrobenzene 0.639 . 1.05-:0.02 ; 0.997
g ) 0.262 1.87 + 0.62 - 0.995
1=R2=CD Penzene. 0.618 1.24 + 0.01 0.999 -
0,253 " 1.26 + 0.01 0.999

f The products were the same except for the labelling with deuterium.
b The values of ET’ emp1r1ca1 parameters of the polarity of solvents,
of benzene and nitrobenzene are 34.5 and-42.0 kcat nole

¢ The k/ky ratio is 1.00 & 0.03,

], respect1ve]y

273
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.

very little charge was developed in the transition state in the course
of decomposition of 80a.
P
The kH/kD ratio was found to be 1.00 - 0.03 which shows that
there was no primary deuterium isotape effect operating on the present
thermolysis. . Whether or not there was a secondary deuterium isotope
effect is not certain, since the kinetic measurements by p.m.r. spectro-

scopy are not precise enaugn to probe this question.

5.3.6 Mechanism of Decomposition

There are ;eve%a] reasonable pathways, depicted in Scheme XI,

of opening the five-membered ring of S0a leading to the major product

CO
en]

This mechanis;ic scheme is also applied to the decomposition of =« L

P A

X

[yl
O
o

.?‘

Path a can be eliminatea based on several observations.
(i) The authentic sample of epoxyacetate 91, prepared by epoxidation
of 2-acetoxy-3-methylbut-2-ene 29 with m-chloroperbenzoic acid. in chloro-

form, rearranged nearly quantitatively to acetoxy ketone gg, under the
same thermolysis ﬁbnditions (equation [1391). This thermal rearrangement

T

w

C /OAC . . ) 3 .

m . : ! . .

[129] == Crea _ O, \ OAc CgH CH3  u0Ac g
: - CHCI3 7 Nd—¢ 88 .+ ¢ ]

- C - CH A N ey

.- CHy cry/ L D - 7

90 y

~ A | 22 B

is ana]oéous to rearrangements of other types of epoxyacetates reportéd ‘
by Gardner274 and by Shine.275 Therefore, the epoxyacetate 91 was not

involved as an intermediate in the course of thermolysis of 8Ja.
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(1)

of the solvent polarity (see previous section).
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It wasvfound that the'decomposition rate'of §g9*is jndependegg’

‘Hence, the involvement

of a carbonyl-ylid as an intermediate was ruied out, in contrast to ‘the t

. .'m . . v N . N
pyrolysis of 63, in which the carbonyl-ytid gg was. suggested as an inter-

mediate.

(ii1) Turro and coworkers

276,277

sugéested a diradica1iintermediate‘fﬁii

(in‘the photochemical reaction of acefone‘with 1-methoxy;1~butene;in"

acetonitrile.

oxetanes-(equatiod [140j).

ﬁb . CHg

!

a model for our case.

Such diradical 93 will close with 100% yield to form

*This diradical intermediete'gg can act as b

- H

» med1ate formed dur1ng pyro1ys1s of 80a, ptherw1se, it shou]d have ciosed

Ho- \ .
\.C2Hs ~ —p—CoHg
. . . CHaCGN - “ o
W7 SocH; 3 cHy” \C ;{G‘ocrh ,
. . I - . CHy 1
« _O‘xetari.es ']OD 0/0"‘" “

Therefore, there ‘is probab]y no dlrad1ca1 1nter~‘,‘

to g1ve the epoxyacetate 91 or 1ts decomposataon product, acetoxy ketone .

'92u However, no. trace of 91 or- 92 was detected from thdymclys1s, and
N

.also from photo]ysws (300 nm,

0°C) of 80a 7n ch]orobenzene

Lo
i

: Path b. was* ruled out 31mp1y based on the ?Bct that there 1s

(see sectmon 5. 3 5}

- .‘g ‘,
no pr1mary deuter1um 1sotope effect operat1ng in the cogrse of thermolyszs ’

§

Thus, the hydrogen abstract1on or sh1ft 1s not part' .

o

,
. .
PN

B .
A

Py

Nt et

3
22

U

Rl Semar o 2

't’
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of the'rate determindng,step. Also, the mo]ecule has to be.jn a,suit-
able conformation for such'e hydrogen shﬁft to occur, with concerted
“]oss of deecular nitrogen. The modecule in such a conformation night
engounter steric constraints ‘ S - L

“

) The rema1n1ng two patns, ¢ and d, 1nv01ve the stepw:se cleavage
of the oxad1azo]1ne ring, 1n the rate determ1n1ng step:. Path < 1nv01ves,
tne 1n1t1a1 rupture of N C bdnd There are. two poss1b]e subsequent
re@ct1ons for the resulting d1azeny] rad1ca1 94 It can either undergo
1ntramo]ecu1ar hjdrogen abstract1on V1a a seven-membered cyclic transi- -
t1on state to g1ve a d11m1de wh1ch then 1oses mtrogen]2 to yie]d 88'

or g1ve off n1trogen to form a’ d1rad1ca1 that was postulated as 1nter—
-mediate 1n pathcﬁ However, we have d1chssed.ear11er that such a d1-:

: rad1ca1 (1n path a) cou1d not have part1c1bated 1n the course of pyro]ys1s
“of 80&. Bes1des, it 1s known that react1ons v1a a seven-membered cycilc
'.trans1t1on state are normalTy not fac11e compared w1th those v1a f1ve-

gr 51x—membergd'tran51t]on states. Consequently, the 1ntramo]ecu?ar

hydrogen abstractlon would not be expected to be. fast and eff1c1ent enough

> -~

;to compete wlth 1oss of N2 )
. Path d cons1sts of break1ng the N- C2 bond 1n the rate determ1n1ng “
g sten Inmed1ate1y fo]]OW1ng rotat1on about the O C bond of the resu1t1ng

' d1rad1ca1 95 and 1ntramo]ecu1ar abstract1on of hydrogen with concerted
'e]1m1nat1on of n1tr0gen are suggested The hydrogen abstract1ng step

' 1nvo]ves a f1ve—membered CjC]TC transtt:on state, and it 1s aTso assxsted

’ by a dr1v1ng force due to “the. heat of fermat1on of n1trogen Therefbre,

‘the intrdho]ecuhar abstrectlon of hydrogen m1ght be expected to be very



3 {.,

v

pecteéd to be faster in path d than in path c. Therefore, based on this} ¢

'nadiqal centre thus making the hydrogen abstractjon step very slqggish.

" are, in fact, unrelated, it fo]]ow$ that 96 and 97 are not 1ntermed1ates'

139

. - i . 6\
fast and efficient enough to compete with unassisted loss of NZ' : \

Mith the present data, we cannot say for sure which one of the

two bonds (_N—C2 and N—CS) breaks first. However, we observed experi-

_mentally that about QQ? of enol ethers; 88 and gg, were obtained upon

theyrmolysis.gf 80a and §gp, respectively. This must mean that the ab-

straction of hydrogen must be very fast and efficient in the cqurse of . /

e
’

decomposition of°§g. A§ discussed above, the abstraction step is e}--
?ath d is then the more likely mechan1st1c route for decomposition of 80 N

One further p1ece of evidence that might support path d and" .
ageinst path:c ag'the«mechan1sm for the thermo1ysqs«of §g is given in .
the_fo]]ewing. The-results of thermo]ysis’of~§g were completely different.
from those reportéd by Hoffmann on the sjmi]ar oxadiazplines ggi(eduatiqn

[113]), most probably because the phenyl group inggg can stabilize_the\ "

e

] ) _ )
‘ The differenqes are shown.in Scheme XII, using ggp and §§9 as examples.

If the initial cleavage of 805 and é3a‘1eads'td the diradicals 96 and ;

97, respect1ve1y, then we should nog expect to sée any great d1fferenc?

between our products and those reported by Hoffmann. S1nce the produtts

in the thermolyses . U - , v
Photo]ys1s (300 nm,,O°C) of 80a in chlorbbéh?fze (which has no

absorption at A = 300 nm) in air gave the same products as those from

thermolys1s, and’ hence gave no fUrther 1nforwation about the’ mechan1sm
Moreoveh{ attempts to capture rntermed]ate(s) w1th norpornaQ1ene;

o
-

'S - . : \
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T . —_ e xay
e Y
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tetracyanoethylene and pﬁeny1 1socyanate in the course of thermo]ysws'

of S04 were unsuccessfu] This is the expected resu]t 1f .a carbony]

ylld is not an 1ntermed1ate The failure of such-traps to 1ntercept

the proposed diradical intermediate is understandable, for neither radi-
cal site is expected to add rapidiy to a CC or heteroatom =-system °~ ~ «

in an.intermotecular reaction. Therefore, an efficient intramolecular

process might well predominate.

Basic questions concerning stepwise decompositian of'diazenes
have to_do with the energetics, Why should only one bond"break (paths
c.or d} when there is so wuch driving force for breaking two (path a)?
Wnat is the dr1v1ng force for breaklng one N(sz) to C bond at a rela-
tive low temperature (80°C )? A]though ev1dence for stepwise decompo-
sition of azo compounds is ununt1ng (see page 5), there is little under-
stand1ng of the factors that lead to a favour1ng of the stepwise mechan1sm-
over the concerted a]ternat1ve Extensive radical stab1112at1on at both

. t s
s1tes in the present case. (R-Q—Q-OR6—9R0-§~OR and R-H=N: <> R-N=N:)

‘mdy be respons1b]e for the ease of breakiﬁg one bond without the other.



+
- asy 1nstrument us1ng Mn? marken. - % <

I : CHAPTER 6
CXPERIMENTAL
6.1 Gereral ’
Proton magnetic resonance spectra were obta1ned w1th Varian T 60,
Varlan HA- ]ﬂO or Bruker NH 90 instruments using carbon tetrachlorlde as
the solvent (unless othgrw1se 1nd1cated) and TMS as internal reference.
The resgnances are reported ih 3 values (ppm), followed in brgckets by
the multiplicity symbol (s = singlet, d =.doublet, t = triplet, q =
quartet, ge = quintet, se'=,§eptet, m = muft;p1ét2,\the relative proton
integral and the apparenp’coup]img constant\(J),Bwhére apgropriate. 13C

spectra were taken on a Bruker WH-90 instrument using CDC13 as- solvent

.and TMS as internal reference. - .

—

Iﬁfrared spectra were recorded on Perk{n-Elmgr Models 33f_dnd
283 jnstéuments ang-gn a Beckman IR-5 instrument. The spectra were taken
in CC]4 solutions‘(uh1ess otherwise fndicateds in-0:] nm'NaC]‘ceIls,
and the data are.presented_in feciproﬁa] céptimeterst Spectra were cali-

brated with a pakystyrene referencé . . >

¥
<

L U]trav1o]et spectra were obtalned on a Cary Mbde1 14 using quartz

cells w1th ethanol (95”) as the solvent, and the data are given in nano-

meters -

- 1

Mass spectra] mo]ecular we1ghts are,based on low resolution

spectra from a H1tach1 RHU 6A 1nstrument L E o

Electron spin resonance, spectra were obta1ned‘w1th a J£S 3BS—X,

.- 142 -
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'subseQUent1yvto ice témperatﬁre. Filtration of the colourless needles

~and recrystallization from hot 95% ethanol gave 75 g (69% yield) of .

I.r.: 3450, 3050, 3000, 1950, 1870, 1800, 1750, 1620, 1570, 1540, 1490,

. 6.3 ‘Preparation.of Diphenyldiazomethane . o _ _49"

143

Gas chromatographic analyses were done on & Varian Aeragraph

A90-P3.

All the melting points were determined by using a Thomas Hoover
Capillary Meiting Point apparatus. A1l values reported are uncorrected.

Refractive indices were detérmined with an Abge Model 3L re- ) '
fract;meter. ’ \ : | "
Raman spectra were. taken with a Spéf 1400, 3/4 Meter: Czerny

Turner Spectrometer. |
Elemental analyses were performed by Schwarzkopf Microana]yt{cal

Laboratories, ilew York (unless otherwise indicated). - /

The chemipals used came from Aldrich, J.7. Baker, Matheson,

Fisher or BDH unless otherwise. indicated. Chemicals were purified . »

before use, wherever appropriate.

6.2 Preparation of Benzophenone liydrazone

The compound was prepared by réfluxing behzophenone (100 g, 0.55

- mol) with 85% hydrazine hydrate (75‘9, 1.28 mol) in absolute ethanol

(100 m1) for 24 hours. The so]ution.was cooled to(room-temperature and

-

" araren (1.7 278 ~/
hydrazone. M.p. 96-97 Cﬂ(11t; m.p..97-98°).
P.mr.: & 6.33 (broad, 2), § 7.13-7.57 (m,10)

1440, 1365, 1279, 1170, 1060, 1020, 950, 912, 700, 690, 650 cm’'.

.

A mixture of beﬁzophenope hydrazone 139 g,jU.ZO mol), anhydrous

. . T

-
IS

S at e

T a L] .
I sl amy v aeme
me‘=” . . -
" . v .
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sodiuu sulphate (45 g, 0.32 mol), 600 ml ether, 15 ml ethanol saturbteu.
with potassium hydroxide and yellow mercury(ll} oxide (105 g, 0.45 mol)'
‘was.shaken for 75 min. at room temperature in a plastic bottle wurapped
with a wet towel. The solution was filtered and the solvent was removed
from the filtrate with a rotary evaﬁorator at room temperature Tue dark
red 01T thus obtained was dissolved in petroleum ether (b.p. 30-60°) and
again fl]tered Removal of the solvent from the filtrate similarlty gQVe

an oil. Freezing il in a stoppered flask with dry ice and then

,

allowing the flask to warm s ntaneously to room temperature gave dark

.crystals which then were ‘dried yn a porous plate. The.product (35 g,

. . ' 27) .
90. yield), m.p. 29-30° (1it. 29-32°) was -then kept cold in a refrigera-

tor, since on standin

. -280
benzophenone azine.

oom teégperature it will decompose to yield

. P.m.r.: § 7.30 (singlet with multiplets at the bottom).

I.r.= 3020, 3010, 2160, 1570, 1490, 1450, 1445, 1360, 1350, 1275, 1185,
1075, 1030, 935,‘895, 690, 650 em™}. . / V

~
Y

6.4 Preparat1on of Gr_gnard Rquents
A number of Grignard reagents,GSO*propyT, ethyl, allyl,. cyc]o-

hexyl and beozyD, viere prepared for synthesizing the corresponding benzo-

phenone subst1tuted nydrazones via the reactlon with d1pheny1d1azomethane.230
o attempts were made to est1mate either the,y1e1d or the purity of the:
prepared Gr1gnard reagents They were used 1mmed1ately. However; based

on the amount of d1phen/1d1azomethane used in the subsequent reactions,

they all were fOrmed in roughly 85% y1e1d. The following description 1s'. [

N .



of a]ky] 11th1um,or Grignard reagent with d1phenyld1azomethane

tygical'of all preparations.

To Grignard-quality magnesium (10.0 g¢,.0.42 g atom) turnings,

covered yith 200 mg anhydrous ether, in a 500 ml three-necked, round-

bottomed flask equipped with a magnetic stirrer, a refiux condenser and

a 1QO ml dropping funnel, was added 2—brom6propane (52.0 ml, 0.34 wol).

About 5 ml of 2-bromopropane was added all at once to start the reaction.

" Stirring was beéun} and the remaining 2-bromopropane was added dropwise

during 2.5 hours. The mixture was then refluxed for one hour before

gooling down for subsequent reactions with diphenyldiazometnane.

" 6.5 Preparation of Benzophenane Substituted Hydrazones (géC=NNHR)

The compounds were either prepared by direct coupling of the cor-

responding substituted hydrazines with benzophenone or by the reactions

230 the

) three routes of preparation are described in the following paragraphs

6.5.1 P}epération of benzophenone tert—buty]tydrdzone
Diphenyidiazomethane (4.0 g, 0.021 mol) was dissolved~jn 16 ml
eath of tenzené,and cyclohexane in a 250 mi, septu%—sea]ed flask equipped
with a stirring bar. The flask das f]ughed with dried nitnogdn dnd .
cooied with ice befdfe'tertwbuty11ithium (0.024 mol, 2540 ml of 0.97 M

reagent in pentane, from A]dr1ch Cnem1ca]s) was added from a- syr1nge .

jce bath’ was removed and the flask was shaken occasionally dur1ng 15 min.
before anh/drous ether (30 m1) was added to the m1xture to dISsoIve the

dark, o1iy material. Co]d, saturated NH Cl so]ut1on as added slow]y

[N

~ "
.

145

' during 15 min. ~ The solution turned dark brown and became semisolid. The
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until the colour of the-solutioh turned to yellow-orange (83-100 ml).
The organic tayer was separated and the aqueous layer was_ extracted twice
witih ether. Drying the combined organic'extrac%é with anhydrobs NaZSO
followed by evaporation of tﬁe‘sqlvents under vacuum left a¥ye110w-crange
? oil. Crystallization from aqueous ethanol gaee a yellow solid, 777 yield,
w M.p. 74-75°C (lit.232 m.p. 73.5-75°C).
 HMore rapid addition of the tert-butyllithium or increasing the
stirring time before wark-up reduced the yieﬁd of product, someti@es

drastically.

6.5.2 Preparation of benzophenone phenyl- (methyl- or 2-hydroxyethyl-)

lzdrazone

A m1xture of benzophenone (O 30 wo)), methyl- or pheny]hjdrazlne
(0 33 moij and glacial acetic acid (30 mi} in me thano] (100 ml1) was re-
fluxed under pitroéen for 1-2 hours. Colourless cryetale; which appeared
on coo]ipg to ice tempeneture, were filtered and recrystallized from hot
methanol. C : - h .
. ) Benzopﬁenope 2-hydroxyethy]hydrazbﬁe was prepared by refluxing
a mixture of behzophenone (54 g, 0. 296 mo]), 2 hydroxyethylhydraz1ne
(22.5 g, 0.296 éo]) and acet1c acid (1 m1) in benzene (120 m]) for
72 hours, w%tﬁ continuous remova] of viater formed using a Dean Stark
trébeapparatus. The solution was filﬁered through a‘cone of anhydrous.

Ha2504, and the so0lvent vas removed under vacuum with a rotary evaporator.

The pa]e yellow s0lid left was recrysta111zed from benzene-pentane. -;_ :

‘\
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6.5.3 Preparation of benzophenone isqproyy]: (beniyih ethyl, cyclohexyl,

or allyl)hydrazone

The synthesis was based on the réported reactions between‘ .
Gr}gnard'feagents and dipheny1diazométhane._230 The following degcription ‘
g typical of all preparations.

A solution of diphenyldiazomethane (45.0 9, 0.23 mol) dissolved
in anhydrous ether (200 ml) was slowly added in . the course of one Hour

to a stirred solution of ffesh]y made isopropylmagnesium bronide (Grignard

reagent), cooled by ice, prepared from isopropyl bromide (32.5tm1, 0.34
mol). Upon-completion of the addjtion, the mixture was fﬁ;tﬁér stirred .
for 25-30 min;,tﬁe red solution became nearly c610ur1e§s and a-yellow . S
‘ precipitéte formed. The mixture was hjdnolyzed with ammonium chloride ' 3

solution apd‘ice water, the ether layer was §epar$1ed‘ and the water o ( ‘f
‘1ayer was éxtracted twiﬁenwith more’ether. The éomb{ned etheraj layers
were dried qver NaZSO4 and then evagorateq,undér vacuumlwith arrotary ‘
evaporator . A ye]]ow stiéiy liquid was obtained,in abaut 90}.yie1a

The j1e1ds and propert1es of the hydraZzones® prepared are 11sted

~

1anahle 1 .(page 66).

6.0 Prep&ratlon of Lead Tetraaeetate (LTA)

-

281 i
The method used yas 51m11ar to that of F1eser A m1xture of ,4
|

acetic ac1d (600 ml) and acet1c annydr1de 1n a 3- 11trﬁ, ‘three- necked, ,

> . N

round-battomed flask.was heated to 55—80 C. Hh11e the m1xture was st1rred Uy

vigorously’ w1th a mechan1ca1 st1rrer,\]ead tetraox1de\(red ]ead ox1de)

4.

(700 g, 1, 03 nml) was added in port1ons of 15~20 g A fresu add1t1on

.wWas made on1/ after uhe colour due t0 the breceed1ng port1on had 1arge1y‘ .

"\\

.
X3
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"6.7.1 by oxidation with lead tetraacetate YLTA)

N

s

.

disappeared. - The temperature was kept between 55° and 80° at all times.
At the end of the reaction, the thick and somewhat dark solution was

cooled, and the crude product was filtered, washed with cold acetic acid

and then recrystallized from hot acetic acid. The yield was 65. (330 -g).

6.7 Preparation of Alkylazodiphenylmethylacetates (;2?N=NR)
DAc

The procedure used #4s similar to that of Iffland.'S% The fol-

. lowing descrip%ion is typica]: ) : .

. .
A solution of bcnzophenone phenylhydrazone (13.6 g, 0.05mo1)

dissolved in methslehe chloride (50 ml) was added in the course of 2

minutes to a stirred solution, at 0°C under nitrogen, of lead tetraacetate

(25 g, 0.055 mol) dissolved in methylene chloride {150 m1). Stirring

"was continued for ahother 20 minutes before told water (150 ml) was added.

A heavy brown sludge which formed Qas.remoyed by filtering the entire
mixture through a bed of Ce]ite The methylehe chloride Iayer was separated
and wasied suééesfffe]/ w1th water and dw]ute sodium bicarbonate so]ut1on
(5’) until {free of acetic acid. After drylng over anhydrous Na2504, the
so1vent was, removed upder .vaclium with a,rotary evaporator, and the pale

yellow so]1d vwhich remained was recrys%a]]gzed from methanol to give-

-]3.519 (82:) of pure product. g

r .

6.7.2 0x1dat1on w1th bramine

A solution of benzophenone tert- butylhydrazone (2. O“gz 8.0 x 10 -3

© mol) 1n glacial acet1c acid.(190 ml) conta1n1ng sod1um acetate tr{hydrate '

‘ ,J(IO 0 g) was stirred and cooled W1th 1ce wh11e brom1ne (1.40 g, 3.4 X 10 -3

-~
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mol) in glacial acetic acdd (20 m1) was added‘in the course of 10-15

min. ;ce water (éOO m]f was added and the resulting mixture waswextracted
with methyiene chloride until the aqueous layer was colourless._ The com;
"bined methylene*chloride extract was washed, first with water'and then
yith 5% sodium bdcarbonate sqlution, to remove acetic acid. Drying over
anhydrous- ila 304, followed by evaporation of solvent with a rotary eva-
pdrator, left 1,90 g (77.) of crude product as a ye]low 0il conta1n1ng
some benzophenone (“CO 1650Lcm-]). " The oil was dissolved in pentane

from which crysta]s separated after 5 days in a refr1gerator The yield
of t buty]azod1phenj1methy1 acetate was 35..

The azoacetates which were -prepared are ‘gathered in Table 2 (page 71)

together with yields, m.p., pmr, ir and analyses.

6.8 Preparation of &-Azodipheny]carbino1s, e CN=NR

B . OH
Generally, 0.05 mole” of edch azoacetate was treated w1th 0.12 mole

of metWyl]ithium in ether in a conmon procedure with the on]y variation

being the amount of so]vent needed or;lo solvents used to atta1n so]ut1on

of. the reagents The followingescription is typ1ca1 - ) <
. A so]ut1on of tert- bu jlazod1pheny1methy1 acetate (15 59,0 05
mo1) 1n 200 nﬂ of anhydrous ether, ‘under- nltrogen, was cooled to -10°C.
Methyllrth1um (O 13 mol 75wl of 1.7.M reagenp in ether) was added by

- drops, from a syringe, with stirrfdb, during 10 min. After 15 min more,\‘

L4

ice—cd]ds safdraéed»NH C1 so1utioh (250 m1) Was-added slowiy After .

separat1on of the organ1c layer, the aqueous phase was extracted thr1ce

-

w1th ether. The ethera] fractions were tomb1ned dr1ed w1th anhxdrous

v

Na 504, and concentrated (w1thbut heatlng) under -reduced pressune thh a

" . _,a_

-

SR ST
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tenperatd}e water bath (3§°,_ 0.1°C) from wh1ch tubes were transferred

- ‘ RN , 150
N P ‘ . ,»”.
rotary avaporator. Jhe pale yellow residue which remained was recrystal-

lized from n-pentane.

The yields of~the products were of the order of 70-75.. Tﬁe u-

‘azodiphenylcarbinols whﬁcg/Were syntheé1zea‘are listed in Table 3 (page 73)

together w{;h their propertieé.

‘JQLQ Chemistry of o-Azodiphenylcarbinels. o . .

6.9.1 Thermolysis s

‘ . . . . 1
The compounds were dissolved in carbon tetrachloride and heated 3

at 35°C. Bubbling started immediately and subsided withip a few hours.

9"

The major produtts frbm the decompositioé were the corresponding~ghlorides )
§C1,vch1orofo¢m and benfophénone. 'fﬁe’chlorides RCY and chloroform w‘
identified by pmr and by.compariné their retention times on several gipc
columns with thdég of authentic samples: ‘

- ¥ .

Evaporation of the volatile products at the vacuum ﬂ/;p; addition

. of a small amount of methanol to the residue and treatment of the resu]ttng

‘ »

m1xture with 2,4- dlnltrOphenthydraz1ne reagent gave benzophenone 2,4-di-

n1trophen/]hydrazqne, m.p. 238°C (lit. 282 p. 238°C) . T ' E

Decomposition of several & azocarb1nols nnder s1m11ar cond1t1ons

in benzene gave the corresponding compounds RH and benzophenone as the

"

ma jor products. s ‘ R . . 5

- . P

£.9.2 Kidbiics of decomposition'ofA;grt-ﬁuty]azodipheny]éarbinol (Zgl ok

Experiments were carr1ed out 1n nmr tubes at the temperature of -

the Varian-T60 probe (35°C). Slow runs were al$o done w1th a constant

- . .«
[ .

Foakm gy .‘ﬁ’:u‘-_‘;'ll
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&t 1 hour intervals-to the probe for integration. Ffor kinetic runs

with oxygen present,‘the tubes were capped while they were in the probe,

but they were removed at regular intervals foc shaking and for venting

of accumulated gas. Kinetic runs with oxygen absent were performed using

sea]ed nmr tubes. Solutions in the tubes were put through th}ee or more

freeze-pump-thaw cycles {vacuum line p;essure < 0.0 torr) before sealing.
‘Abput 20 integrals of the tert-butyl signals of‘tert—buty]azodi-

phenylcarbinol (s 1.33) and of tert-butyl chloride (s 1.60) were recorded

for runs in CC?Q,.the :}mg intervals between integrals ranging from 1 min

to 1 hour, depending on whether or not éir was excluded.

Standard first-order treatment of the data gave straight, least-

[}

squares fits to the equation in 5%;—= kt + C, with small positive values

of C eicept in the case of concentrated solutions in benzene,

;The major products from decomposition of tert—bhtylazodiphenyl—
carbinol in Cé14 were iert—buty? chloride,‘ch]oréfgrm énd benzophenone.
Isobutane_;ou]d not be detected by pmr or glpc. Tert-butyl chloride and
ch%oroform weée jdentified by"Qgr and by comparing their retentioﬁ times
on several glpc columns with those of authentic\sq.mp}es.~ The yields of
tert-butyl'ch?oride (89%) and chloroform (95%)‘were estimated by glpc
after addition of a weighed quantity of ch]orobenigne, which served as
a standard. A 10 ft x 0.25 in. column packed with ﬁarbqw%x ZOAM (15%)
on 60-80 mesh Cﬁromosorb A was'used at 110°C with. a heljum flow rate of
120 m]/miQ; Peak areas were estimatéd by, cutting and weighing. "

) Evaporation of the votatile products at thé vacuum pump, addition

- of a small amount of methanol to the:residue, and treatment of thé re-

§Q3ting'mixture with 2,4—din1trophéhylﬁydrazine reigent gave benzophenohe
* . ' ) i LY e

<
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2,4-dinitrophenylhydrazine, m.p. 2387 (1it m.p. .2380C).~

Isochutane, from decomposition of tert-butylazodiphenylcarbinol
10 benzene and in carbon tetrachloride with added thiophenol, was detected
in the pmr spectrum as a doublet (J = 6.0 ﬁz) at ° 0.89. The 1dentity-
_of the product producing fhat signal was confirmed, both\by glpc and by
pmr, with solutions prepared by bubbling i1sobutane {Matheson) 1ntd carbon
tetrachRloride (or benzene). .

Y}e1ds of isobutane were estimated by calcutating that fraction
of the total high field integral which was contributed by thé isobutane
douﬁiet: Reactions in dégassed Qenzene gavé isobutane yields near 91..
In CC]4‘W{€h thiophenol (0.02 M) qdded, the yield of 1sobutane was 60.
and the yield of @ert—butyl chloride was 407, |

I}Obutene from decomposition of tert-butylazodiphenylcarbinol in
degassed-benzene was detected as described below. Spent solutions from
several kinetic runs were cooled before the nmr tubes were cut and the
contents were transferred to a bulb attached td a vacuum line. Tie bulb
was coo}eq with liquid Nzlduring evacuatién and was allowed to warm while
aﬁothe( receiver on the line was cooled to receive volatile material from
the bulb. -Distillate thus collected was then allowed to volatilize into
the vacuum line. _A Samp]e/of the gas was analysed by ms with a Hitachi-
‘RMUBA instrument using 9-eV electrons. The Eatio of peaks corresponding
to %soputane and isoﬁytene (ﬁasé 58:mass 56) wgs 100:2. A sample of iso--

‘butane (Mitheson) gave a negli§1b1e s{gnsl for mass 56, relative to that .

for mass 58, at the same instrument settings.

Some of the gas remaining in the vacuum Tine was éondénse¢ intg
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thi}%

“ay
Varian Aerograph A90-P3 gas chromatograph.. Simultaneous switching to

-cooled gas sampling loop of Lne gas sampling accessory for the

the injection mode and heating of the loop with hot water injected the
sample onto the 10 ft x 0.25 in. column packed with SE 550 (31.) on
fivebrick. The same column had been‘used previously to separate isebu-
tane from the is;meric butenes.283 Instrumental conditions simlar to
those describedz-83 led to two signals the areas of which were estimated
by.triangu]atioﬁ. The ratio of isobutane to isobutene found was 100:0.9.
Injection of a mixture of isobutane and isobutene prepared'from authentic
samples (Matheson) was carfied out to confirm 1dentities. .

Attempts to detect diphenylcarbinol in the benzophenone' fraction
by either ir oret]c were not succgssful. An authentic mixture,of di-
phenylcarbinol and‘benzophenone could be separated by tlc on silica gel
plate using c51oroform as the eluting solvent., When expéeriments were
carried out on the sample from the benzopheﬁone fraction; undgr the same
conditionsi no spots corresponding to dipheﬁy]carbinoT on the tlc plates
viere observed. |

%

The rate constants of the decbmpositions are assembled in Table 4§

(page 79). . '

»
’

6.9.3 Effects of thiopherol, phenol‘and triphenylstannane on the decomposition

The effect of the titled reagents on the decomposition of t-butyl-
azodiphenylcarbinol was examined. To a solution of t-butylazodiphen?;- "

carbinol in benzene or carbon tetrachloride was added a small émouht‘of

thiophenol or phenol. An jmmediate substantial increase in the rate of

Qubbling rate did not increase so fuch cqmppred~with.thiophenol or phenol.

o

N
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6.9.4 Spin trapping by mitrosobenzene - . .

A benzéne solution of an .-azocarbinoi and nitrosobenzene in an
open tube at room temperature gave a strong, "triplet-natured” esr signal.
A deéassed sample gave a more complex spectéum in which each of the three
"humps" was split 1Hto more lines. an+ was used as a markd® in the spectra
1n all cases. A portion of the nitrosébenzene solution without added
;—azod1pheny1carbiﬁo]s d1d not produce an esr signal at the same instru-

mental settings. The a, and g valtues of the nitroxides formed are assembled

N
1n Table 10 (page 111). : . ’

6.9.5 Trapping with unsaturated compounds

In a typical procedure, the unsaturated subst;ate {(c.a. 0.008 mol)
was added fo a solution of w-azocarbinols (0.002 mol} in benzene {4.0 ml).
The mixgure was stirred or shaken until it was homogeneous before it.was
heated at 35-52°C %or 12-20 hours in a septum-stoépered flask vented with -
a syringe heedle. Vigorous gas evolution was observed in all cases ei%ﬁér
immediately after mixing or soon after heating’gad started. In mosqt ca:es,

the bubbling s?opped well before the end of the heating period. Bulb-to-

bulb distiltation under vacuum left behind the benzophenone and telomeric

material, if any. -Analytically pure products were obtained by g]pc. A

10 Ft x 0.25 in. column packed with Carbowax 20 M (15%) on-60-80 mesh

“Chromosorb A was used at 80-IZQ°C with a helium flow rifé of 45-60 ml/min,

s

Yields of.all the products (except with azobenzéne) were estimated

. by glpc after addition of tert-butylpenzeng in known quantity to the dis!"'

_ tillate. The thermal'conductiviti%s of tert-butylbenzene and of acrylo-
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nitrile, determined by injecting a mfxture df known composition were found
to be the same within experimenta]verror. Tert-butylbenzene was used

as gﬁe standard for all products without correction for differences 1n
thermal conductivities, if any.

For reactiong of azobenzene with JLazocarbinols (t-butyl, isopropyl,
ethyl and methyl), the yields were estiméted by pmr after addition of
tert-butyl bromide to a portion of the crude reaction mixtures. In other
cases, the yields reported were the isolated yields. Isolation of the
substituted 1,2-diphenylhydrazine adducts was done either by column
chromatography an basic alumina (80-200 mesh, Brockmann, activity grade 1)
or by thin layer chromatography on A1203 plates {from Brinkman Instrumeqts,
Inc.) with petroleum ether-benzene or chloraform as eluting solvents. The
products were then recrystallized either from benzene-npentane, methanol,
or methanol-water. . .

Results of reactions of u-azodiphenylcarbinols with olefinfc .

substrates and with azobenzene are gathered in Tables 5-9 (pages 85-89).

6.9.6 Reactions of methylazodiphenylcarbinol with norbornene 1n,tﬁe

presence of D0 '

To a solution of methylazodiphenylcarbinol (1.0 g, 4.4 mmol) in

benzene (10 m]}? in_a reaction vessel fitted with top-driven magnetic

e

2
perature for 5-10 min before norbornene:(1.6 ¢, 17.0 mmol) was added

stirrg},284 was added D0 (5 ml). The mixture was stirred at room tem-

.all at once. The resulting mixture was heated at 35°C, with continuous
vigorous stirring, for 36 hours. Analytically pure sample was obtained

by glpc. The yield (50%) was estimated by glpc using the interna]vstqﬁdard

WAL s o - »

- 19y



method. More than 87 atom of D (from m.s.) was found to be 1ncorporated

into the adduct,

6.0.7 Reictions of olefins in the presence of phenol

Acrylonitrile and crotonaldehyde were the two olefins used for
“this study. The procedure for the reactions was similar to that in section
6.9.5: The yields of ‘the adductst-d—methylacny]onitf11e‘ and 3,4-dimethy] -
pentdanal, were estimated by glpc after addition of a weighed quantity of
ch]orobeazene or tert-butylbenzene, which served as an 1nternal standard.
‘A 10 ft x 0.25 in. column packed with Carbowax 20 M (15:) on 60-80 mesh
Chromosorb A was used at 130°C witih a helium flow rate of‘45 il m1n—]
Peak areas were estimated by triangulation. Thé results are tabulated

in Tables 18-29 below. : .

Table 18: gfjgct of Initial Concentration of 13 (R = isopropyl) on the

Yielq

[ Crotonalcehyde: 1.3186 M

_ t Phenol: 0.654 M iR

{Esopropylazodipheny]carbino]; M I p Yiefd, L 251

% 0.041 : ﬁ?( 39.5

| 0.164 ' 9.2 |
. ’ ) .

g.327 ./// 39.0

- 3 0.491 r 38.5

| 0.654 | - 35.0
’ | 0.818 28.0

Y [ *
LR R R e P S O

T
R
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Table 19: [Effect of Imitial Concentratidn of 73 (R = isopropyl) on the

Yield
s r
Acrylonmitrile: 1.354 11
| Phenol: 0.668 !t
| Isopropylazodiphenylcarbinol, M Yield, ‘.2‘
TN T 0.042 - 70 i
€ | 0.167 o g5
0.334 ' 86
‘ 0.501 , T &4
“ 0.668 ! . 86
' .0.845 ; 41\ 80

Table 20: Effect of Concentration of Phenol

¥

Isopropylazodiphenyltcarbinol: 0.343 M

Crotonaldehyde: 0.348 M

Phenol, M \Z&\Yie]d, + 24
10.000° avwyd
0.369 23.0
0.712 25,5 .

©1.032 27.0 |

| 1.332 -27.0 5
: 1.613 25.0
' 2025 23.5
| 2.359 24.0

|

| |

| |

! .

' 3.687 j . 20.0 ;

LA_ 4.964

7.5




‘Table 21: Effect 6f Concentration of Phenol

Isopropylazodiphenylcarbinol:- -0.348. M
Crotonaldeiyde: 1.394 M
Phenol, M ' - % Yield, = 24
6.000 26.5
0.336 31.0 '
0.648 35.5
0.940. 39.5
1.469 41.0
1.711 ™ 39,5
- 1.937 .38.0
2.543 u34.0
3.360 29.5 |
4,004 ..24.0
4.524 22.0 'J

Table 22: Effect 6f Concentration of Phenol

'Isopropy1azodipheny]carbinoﬁ: 0.348 M
o Crotonaldehyde: 3,484 M '
" Phenol, M % Yield, s 2%
0.000 ~25.0
0.522" " 30,0
0.977 36.0 !
1377 ''33.0
173 133.0
2.047 "32.0°
o 3.z24 '28.0.
L 3.987 . 26,5, :
4.524 .. .23.0.

-

158
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Table é3: Effect o0f Concentration of Phenol

Isopropylazodiphenylcarbinol: 0.348 M
C}otqnaTdehyde: 1‘9i8 M
Phenol, M % Yield, ¢+ 23
0.000 29.0
0.613 37.5
0.889 40.0
1.127 47.5
1.617 ~ 47.0
- 2.033 45.5 b L o = ‘
3.177 a5 '
'3.785,‘ 39.0
4.277 36.0




Table 24: Effect of Concentration of Pheénol

Isopropylazediphenylcarbinol: 0.348 M

|

Crotonaldenyde: 6.968 M

i
|

Pheno],_M - % Yield, + 2%

: 10.000 | 21.5
; 0.312 | " 25.0
0.2 1 24..0
* 1.033 23.0
\ 1.221 ’ 22.0

1.923 . 22.0
i 2.379 21.0
‘ 2.698 20.0

Table 25:° Effect of CbnbéntWation of Phenol

Isopropylazqdipheny]éarbinol:_00.358 M

Acrylohitrile: 0.348 M

“Phenol, M % Yield, + 2%
' 0.000 45.0
0¢370 - 63.0
0/716 64..0
;1040 61.0
. 1.380 - 60,0 .
©1.623 ©60.6 -
~ 1.8%0 58.0
".2.138 §5.0°
2.587 . 55.0
L2807 L s
U 3.710 B - N SR
4420 . - 45.0°
6,99 42.5

.
.
* v
et e b et = -
Pt .

160
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Table 26: Effect of Concentration of Phenol

Isopropylazodiphenylcafbinol: 0.348 M 1 R
Acrylon1tri1é: 1.394 M
7
Phenol, M j : Yield, * 2.
_ 0.000 36.5 ' ¢
i 0.666 73.5
0.965 -+ - | ' 76.5
1.508 | 84.5 |
1.995 : 85.0
2.207 . 82.5
B { |
2.610 r £0.0 g
| .
\ 4.110 ! 67.5
5.083 } 60.0"
Table 27: Effect of Concentration of Phenol
sopropylazodiphenylcarbinol: 0.388 N | .
] " Acrylonitrile: 1.978 M !
Phenol, H 2 Yield, + 2. 7
0.000 ' 25.0 !
0.637 89.0 S
) 0.925 | 90.0 ‘
1.445 ' 92.5
2.114 io. o 88.5 ’ Q
1 2.580 . 83.0° l‘['
" 3.936 64.0 -
: 4.868 . 55.0 : "
5523 50.0 .. ﬂ .
' ’ o A

-
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AN

Tabie 28: Effect of Concentration of Phenol

Isoprobylazodipheny1carbino!: 0.348 1 “~£:j)
’ " Acrylonitrile: 3.434 N
Phenol, M | i Yield, - 2
0.000 10.0 |
0.565 300 !
1.057 ‘ 37.0 }
1.490 40.0 i
1.873 i : 37.5 |
2.215 P 35.0 |
3.488 B 30.0 ]
4.314 * 25.0 '
4.894 22.5 ‘

&

Table 29: Effect of Concentration of Phenol

' Isopropy]azodibheny]carbinol: 0.348 M
Acrylonitrile: 6.948 M
| Phenol, M % Yield, « 24
f 0.000 - 1.5
} 0.398 16.5
: 0.746 22.0
< i 1 .OSQ - ' 25.0 !
[ 1320 26.0
! 1.560 ? 29.5
. 2.457 | 30.0
o 3.040 * 24.5
3.450 }: 17.5
4
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6.10 Indepefdent Syntheses of Tert-butyl-1,2-diphenylhydrazine and

HMethyl-1,2-diphenylhydrazine .

» v

The approach was based on the reported ré;ctionzgs between phenyl-
x]ithium and azobenzene. .

A solution of azobenzene (0.03 mo]’\in dry benzene (100 ml) was
stirred and cooled with .ice during addition of alkyllithium® (O 036 mol)
1n pentane or in ether over 10 ‘min. After 10 min. more in the ijce bath,
cold, saturated, aqueous NH4CI was added.- Separation of the benzeig
layer, extraction of the water layer with ether; drying of‘the combined
organic 1ayefs and evaparation of the solvents in a rotary evaporator
left a residue. Isolation of the desired hydrazine was done either by
colqmn chromafography on basic alumina (80-200 mesh, Brockmann, activjty
grade 1) or with alumina TLC plates (from Brinkmann Instrhneﬁtg, Inc.)
with petroleum ether-benzene as eluting solvent. Tﬁe pure productﬁ were
obtained after recrystallization from methanol. The yields were of the
order of 10-157.

The spectraT daéa (pmr, 1r as well as m.s.) matched those of

the product from the reactions of azobenzene with the corresponding «- !

azodapheny]carb1nols (Table 9).

6.11 Thermolxsi; of Tert—buiylazodipheﬁy]netﬁy] A;etate

Kinetit runs were done in nmr tubes at the con;tant'tgmperature'
of a watér bath (35;6 £ 9.1°C). Solutions of_tert-butylazoﬁiphenylmethyl’A
acetate were prepared {n Qenzene. The pmé s;ectfum was recorded and
* integratéd pefqre tubes w;;g‘piéced in the bath, from which ;hey;weré:
remov'ec{ at 10 hour intervals for i‘ntegration-(\)arian-]'ﬁo HMR insfrutnent).

- : . -
‘ - \
.

~
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Reacéion was stopped by. géﬁling.thé tubes qiickly in ice water and time

L] «

- .

. - outs1de ‘the bath was not counted

3

. - ; About 12 1ntegraTs of. the tert buty] swgna?s qf tert- buty?azo—
dmhenylmethyl acetal were recor'ded and standard ﬁ rst-order treatment

" of the data gave stra(jght, 1east-squares fits to the equation in - 4 i kt + (-;

d 3

~ .mth :smal-l values of C, The resu1ts are shown fn Table 30.

a0t

A .o No attempts weré made to analyse the products . ‘However, from

*

5. tlc, there were at least four prOducts fomed .

Iable 305 Kmettcs of’ Decomposnwn of Tert-bgtﬁazcdiphenylmethﬂ

' s o Acetate at 35°C, fn A L R \
e '5 [ L Initial’ ‘ .‘ s “Correlation
S - Solvent Corgaentvjation,‘n [k x 10, e | ‘Coetficient
. — g : : R .
v Lﬁenzeng 'y . D.283. 120 0,08. | 0.9
. . ~ g : o : > .

~ -

I 3 12 Preparatmn of Ketone Acety‘lhyarazones (R n crrmucocu.,) :
DI .‘\, A mxture of ketone {0.50. mcﬂ), acety’lhydrazine fO 48 mol).
- acefrc actd (z drops) and. benzene (250 uﬂ) was reﬂuxed for two days, 3

P T

a usmg a Dean Stark trap to remove water continqous'l,y The resu‘l't\ng

' ‘\_. T nixturé was. fﬂwred i:hrougl\ a ‘te of anhydrOus f{az 4° The ‘smvent

- . . was r'emeved uMer. vaeuum with a i'otary evqporator The white sol ld
’E i v —Femfaine ’"35 récrysuniiéw fm acetom or benzene-—pentane lixtureg L

e The resul,ts of me tm acety]l&dnzom which wgre preparedare ggmered
e, in Tab!e 12 (ﬂe 122) tagemr n’lth tpe ytetd. n.p.. spettromic dvm» '~,‘
LA ” N S e 'l.’q'~"-,'.‘ B

T sme*n as mlyses.
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6.13 Preparation of Acetone-d, Acetylhydrazone o y”‘

._.\_
a0 e §

A solut1on of acetylhydrazine (15, 5 95 0.21 mol) in benzene {80 ml)_ 3,

was- -refluxed for 2 hours, using a Dean Stark trap to remove wq er from the

2,
LDy
B
e .

'“hygroscopic: hydraz1ne. Deuterium oxide- (5 m1) and p- toluenesulphonwc acid

b

,Xabout 0.1 g) were added after .cooling to room temperature. Thg resr1t1ng
m1xture was refluxed for 90 min, using a Dean Stark -trap to remove water

continwously. Another portion of D 0 (5 mJ) was added, and refluxed for . .

another 30 min. After cooling to room temperature. acetone-d (15 0g, . . ’%
0.23 mol) was added. The rESulting mixture was refiuxed for 3 hours, \ -

. ~ k .
© still using a Deaq Stark trap.to remave any water formed. The solyent, |

after filtering tﬁrough a cone of anhydreus Na2504; Was remove& under ' ' 5
vacuum wrth a ratary evaporator The white solid left was recrysta llzed‘
from benzene~pentane m1xture The yie]d (23 0 g) obtalned was abouﬂ 92%.

More than 96 atom % of D was 1ncorporated into the hydrazone (est1ma ed " o
5 268. L \ ' B
by mass spectrometryz % and: pmr analyms PR ’ . oL .

.\ ..
i

" 6. 14 Prepaﬁhtion of Z-Acetoxy-Z-methyldﬁls dialkYI~A -1,3,4-oxadlazo11nes -

-'f\u- O?ZH e B : "’-

- solution of acetylhydrazone (0 lb.knl) dtssoived in methxlene\ - ',::,
chlorwde (80 ml) was added in ihe course Qf 20 nﬁn.. under n{trogen. to !
a stirred solution of lead tetraacetate (0 1] mo]) in neehylene chloride‘ e %,':
(150 m}) at D’C., The reaciion mi&ture uas further'stirred at 0°C for L
20 nin..after the cgmplete addition-of acety?hydrazong About 200 m% of '
vaw nas added, and tpe heavy broug ﬂudge wu raoved by fﬂtering tl;ie

entire mi xture through ] baé of Cel tte, ’Qne orgmic lmr was separated

. -~ . 3 . . -
e e ¢t M . e .
[ ) [ (ST AV S e T :‘“‘ :,.- . [

A

o 7‘|v77'i1
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.15 m} benzene;nas-heated.at the ref!ux tenperature fhr 2 days, Y1elds

,6’16 CheM1stny of 2- Acetoxxr2~methy1-5,5 d1a1ky1aA3 1 3, 4-oxadiazolines

166

and was washed‘successively with water and dilute sodium bicarbonate 'solu-
tion (5%)-unti} free of aceti¢ acid. After drying over anhydrous Na2304,

the solvgnt was removed under vacuum with a'rotary evapo%ator. The residue

Was vacuum d%sfi11ed,'bu1b-to-ﬁulb, at about 45-50°C,'£o"producé pure .

“

,product For cyclohexanone-Neacetylhydrazone, the‘prodﬁét crystallized

#

from the neat in the refrlgera\or after 4 days. The yields were of the

order of 70-80%, | |
e

© Two cyclic a- azoacetatfs (i.e., oxadiazolines) wh1ch ‘were prepared

are shown 1n Table 13 together with their properties and ana]yses

5

" 6.15 Preparat1on of Z—Acetoxy—z methy] 5,5~ b1s(tr1deuteromethy1)~A -

] 3,4- oxad1azoline

The pr0cedure was exact1y the same, as that descrrbed in the

prev1ous sect1on, 6.14. Five grams (57%) of pure product was obta1ned

start1ng from 5.0 g af acetone-ds acetylhydrazone.V It was est1mated both .

by majs}spectrometry (using the peak m/e = M- 28]) and pmr analys1s that

:'the deuter1um content was better than 36 atom %.

LS ‘;a"

6 16.1 Thermo[ysis - =", '] ‘_ T —_— L

The A° ~l 3.4-oxadwazol1ne {q. 02 mal) in‘a-solution prepared from

were detenmined by glpc of the crudk. after addition of t-butylbeqzene

as- interna} standard, wi?e separated hy ngc (10' X 0.25“ 202 SE-30, ;,,__‘
’,75-155°' 45 m] win ]) after disti!lat#en of 13‘:1 of benzpuc fron the o

LN
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PyrolySis in carbbn tetrach%oride. Chlordbenzene, or nitrohenzeﬂe
in NMR tubes. under sim11an~cnnditions, gavz tbé swne results . »
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The results are listed in Tables 15 and 16" (page 130-131), together

with the spectroscopic data and analyses. v

'\6.]6.2 Kinetics of thermolysis of Z-acetqu-z-methyl-5.5-d1methy1-A3-

. ) N
1,3,4~0xadiazoline and 2-acetoxy-2-methyl-5,5-bis{trideuteromethyl)~ .
i v - o .

53-143,4-ogadiazoline .-

Solutions of 2-acetoxy-2—methy1-S,S-dimethy]-A3-1,3,4-0xadiazo]1ne
and its deuteriated analog in benzene end/or in_nfffobenzene_iTab]e 17;
bage 13% containing anisole wére prepared free of air with several freeze-
pump-thaw cycles before they were sealed in NMR tubes "The concentrat1on
of anisole was about 1/3 that of the compound under study - The pmr spec-
trum was. recorded before tubes were placed 1n a bath at’ 79 0°' 0.1°C, from

which they ;ére removed at 2-3 hour lntervals for analy51s Reaction was

stopped by cooling the tubes qu1ck1y in cold water and time out51de the

ey

A
)ﬂ'-

bath was not counted " Peak helghts of pmr §1gnals were normallzed with
respéct to the 1nternal standard (i.e., anisole) . “The react1ons-were

followed to 85% of completion Standard f1rst-order treatment of'the

data gave stra19ht. Ieast-squares f1t$ to the equat1on &n ;5; = kt + c

w1th sma11 value of .

. - _
Ll

The product$b1n the two cases were the ‘same except far, the labe111ng
w1th deutarium The kingtic resuTts are asSembled in Table 17 (page 134)*

6. 16 3 Attempts to trap fntgmedlates m pyroiysfs of 2«-acetoxy~ -methyL- .

ff’:5SdmuwaJﬁﬁwuﬁuMMeﬂmyMwqumue .

To A »1.3.4-oxadiazoiine (1,0 9. 5 8 mmot) was added*a solutron Lo

: of pheny!isoeyanate {19 ga 16 mnoi) in ) MI benzene (or 10 nﬂ neat phenyl- .

isocyanate) The result1ng mixture uas then heated under the.same conditdons

A . " e
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as in the pyrolysis experiments described previously. Ho 1intermediates
were trapped, and the pyrolysis products were the same as before,
Attempts to use norbornadiene or tetracyanoethylene as trapping

agent under similar conditions were also unsuccessful.

~

6.17 Reactions of 1-Acetoxyethyl-2-propenyl Ether (CHBQQQCH(CH3)OC(CH3)=CH2L 8
with Bromine
To CH —O—CH(CH3)OC(CH

=CH2 {0.05 g, 0.35 mmol) 1n CC1, (0.5 ml)

3 3) 4
was added bromine solution (0.3 g in 0.5 ml CC14) by drops at room tempera-
ture until there was a pale yellow colour persistent. The reaction was
followed by pmr, A rapid decolourization of bromine was observed and
the corresponding dibromide, along with some minor products, was formed
(from pmr). The dibromide:pmr spectrum was: 6 1.97 (d,3,J=6.0 Hz)3 § 2.07
(s,3), § 2.33 (s,3), 6 3.76 (s,2), &6 6.69 (g,1,J=6 Hz). Shaking the
solution with water (2 drops) at room temperature for one hour gave acet-
aldehyde, acetic acid and bromoacetone (proof from pmr) »
Under the same conditions, a rapid deco]oualza?Tbnsoi\ei?m1ne was
also observed when bromine reacted with <:::>— 0 However,

there was no corresponding dibromide observed. No attempts to identify

the products in this case were made. .

6.18 Prebaration of 2-Acetoxy-3-methylbut-2-ene

A solution of 3-methylbutan-2-one {50 g, Q.58 mol), acetic an-
hydride (90 g, 0.88 mol) ana p-toluenesulphonic acid (1 g) was refluxed
for 20 hours. Methanol (40 m1) was theh added at 0°C into the resulting

mixture and stirred gvernight. - Water {200 ml). was then poured in and

-

D
a7
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sglad HaHCO3 was added in small portions at 0°C until neutralization.

Separation of the organic layer, extraction of the water layer with
ether, drying of ‘the combined organic layers over NaZSO4 and distillation

“gave 237 (17.0 g) of pure product. Its properties are listed below.

286 ’
B.p.r 124-127°C (it 124-126°C)

\ . 26 286
Refractive index: ny = 1.4195 (11t 1.4114)

P.m.r.: The broad singléts at - 1.52, 1.70 and 1.80, totalling 9 Mydro-

gens were assigned to three C=C-CH, methyl groups. A singlet

3
at £ 2.03 of 3 hydrogens was assigned to the acetoxy methyl
group. The pmr spectrum reported in the 1jterature287 15 in
good agreement with that reported above. e

I.r.: 3000, 2920, 2870, 1760, 1705, 1445, 1395, 1378, 1370, 1215, 1140,

1015, 935, 869 cm’ .

f01. wt. calcd. for CHi,0,: 128 found (m:s.): 128.

.19 Prépa}ation of Z—Acetoxy-Z;3—epoxy-3-methy1bqtane' | -

To a dr} solution of m-chloroperben;oic acid (5.0 g, 0.029 mol)

in chloroform {60 ml) at 0°C standing over NaZSQ4 (10 g) was addeq,'an
6ne portion, 2*acetdxy‘3-methy1but-Z-ene (4.0 g, 0.031 mol). -The golu-

tion was stirred at 0°C for 9.5 hours, at which t§he1most of the m-chloro-
perbenzoic'écad had been ysed. The Na2504’was removed by filtration and
the splution wWas washed twice wifh 207’K2C03 solution, twice w%th water
apd dried over Na2304w The solvent chloroform was removed at room tem-
'pefature under vacuum with a rbtary evaporator. AbouQAGOS (2.5 g) of -
pure product was then obtained by vacuum distiilation (v 0.05 mm Hg)

™

at about 30e4o°t, The compound was. stable at.rogm temperature for at

.

1 * LY Vv,
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least three weeks. Its properties are listed below.
Pomor,t ~ 1,25 (s5,3), ¢ 1.32 (s,3), - 1.59 (s,3), « 2.02 (s,3)
[.r.: 2000, 2380, 2949, 1750, 1739, 1705, 1490, 1450, 1380, 1375, 1247,

1238, 1182, 1145, 1125, 1018, 936, 910, 833, 689, 665, 625 cm—1. ‘

Mol. wt. caled. for C7H]203: a4, found (m.s.): 144,
Anal. calcd. for}C7H]203: C 53.32, H 8.39; found: C 58.59, H 8.5].

6.2) Thermolysis of 2-Acetoxy-2,3-epoxy-3-methylbutane in Genzene and 1n

Carbon Tetrachloride Solutions

3—Ace;oxy—2,3—epoxy-3-methylbutane (0.5 g, 3.5 mmol) in a solu- 4?
tion prepared from benzene (2.0 ml) was heated at the reflux temperature
for two days. Similar conditions were used to éqrry out the thermolysis
in carbon tetrachloride. The thernolysis gave near]y’quantitatfvely the
rearrangement product, 3-acetoxy-3-methylbutan-2-one; 1ts spectroscopic
data (pmr and 1r) are listed below.
P.m.r.: ¢ 1.&0 (ss6), & 2.03 (s,6)-

* e 283

The pmr spectrum reported in the literatureA is in good agree-

ment with thdt reported here.

[.r.: 2930, 2940, 1748, 1733, 1708, 1407, 1440, 1385, 1375, 1358, 1250,
1160, 1125, 1020, 965 an !,



CHAPTER 7

SUMMARY

In the present thesis, a series of acyclic «-azodiphenylcarbinols
Zg were synthesized and their chemistry was investigated. The synthesis
of 73 consists of five steps with Qvera11 yield of about 20 ..

Several pieces of evidence have established that 29 undergo
concerted, radical-chain, induced decomposition by attack at the hydroxyl
hydrogen. These include kinetic measurements, spin trapping with nitro-
sobenzene, as well as hydroalkylation of unsaturated compounds. The '
failure of several common inhiﬁitors-(e.g., phenol, thiophenol, tri-
phenylstannane) to stop the chain decomposition is attributed to a con-
certed mechanism, which brings the ¢ombined heats of formation of nitro-
gen énd of a carbonyl graup {(i.e., Cé in benzophgnone) into play, to lower
the free energy 0% activation: Azo compounds are not norma]]y suscéptible
to induced decompasition; thé p(esent unusual triggered dggamposition of
Z} provides a new mechan{st{c pathway for decomposition of azo compounds,
7 The ;ynthetic utifity of 73 was found to be high. Various new
compounds cah be synthesized via radical chain add;iion of RU (from 73)
to the_unsaturatea compodndﬁ. ‘The thermochemistry for such addition 15\\
a%wayg favéurable by virtue .of the heats‘of formation'of nitrogen and
_'df:béniophehonel Azobenzene has been found to be a goad substrate to
capture the radic\;is'R: from ]3, and this .therefore proviﬁes: new synthetic

~ 171 -
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route for synthesis of 1,2—dipheny}-]-subst1tyted hydrazines. The success}uT
addition of ethanol (via 73 with R = CH2C}20H) across the aro linkage of
azobenzene, yielding 1,2-diphenyl-1-.-hydroxyethyl hydrazine, provides

a unique example of addition of a primary alcohol to give a primary

alcohol product and demonstrates that .-hydroxyethyl radicals can be
gerferated conveniently by the azocarbinol route.

The discovery of phenol as a catalyst in radical chain reactions
is significant, since catalysis in chain reactions is currently rare.

Optimum phenol and olefin concentrations, leading to maximum'y;elds of
the adducts, were estimated.

The reactidn of LTA with ketone acetylhydrazones has been in-
vest1gated In méthy]ene chloride so]ution, oxidative cyclization occurred
readily to give 2- acetoxy -2~ methy] -5,5-ditatkyl-A ~1 3, 4 oxadiazolines.

The structures of these new compounds were estab11shed from the spectro-
scopic data, chemical reactivities, products from thermolysis, as well

as analyées. The mechanism proposed for the decomposition of these com-
pounds involves stepwise opening of the fiye-membered ring .to form a
diradical intermediqfe, with concerted’hydrogen Sbstﬁgctibn and nitroéen

elimination folldwinﬁ'a rotation about the 0-C bond of thg diradical
. : X -

intermediate. . _ ‘.
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